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Abstract

:

An experimental study of spatially localized very large-scale motion superstructures, propagating in a jet of carbon dioxide at low Reynolds numbers, was carried out. A hot-wire anemometer and a high-speed 2D PIV with a frequency of 7 kHz were used as measuring instruments. Such a puff-type superstructure in a jet with a longitudinal dimension of up to 20–30 nozzle diameters are initially formed in the jet source—a long tube in a laminar-turbulent transition mode (without artificial disturbances). It is shown that this regime with intermittency in time, when part of the time flow is laminar and the other part of time is turbulent, exists both at the exit from the nozzle and in the near field of the jet. Thus, the structural stability of such turbulent superstructures in the near field of the jet was found. Despite the large longitudinal scale, these formations have a transverse dimension of the order of several nozzle diameters. These structures have a complex internal topology, that is, superstructures are a conglomeration of vortices of different sizes from macroscale to microscale. Using the example of diffusion combustion of methane in air, it is demonstrated that in reacting jets, the existence of such large localized perturbations is a powerful physical mechanism for a global change in the flame topology. At the same time, the presence of a cascade of vortices of different sizes in the puff composition can lead to fractal deformation of the flame front.
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1. Introduction


Beginning from the Refs. [1,2], coherent structures have become an essential part of jet flows. The use of such large vortices allows one to control heat and mass transfer processes and mixing processes in jet devices. The mechanism underlying the formation of large vortices was studied well enough [3,4], especially for jets issuing from contoured convergent nozzles for high Reynolds numbers (Re > 104). This geometry is due to the high practical importance of jets issuing from the nozzle. The initial velocity profile in this case is a top hat with thin shear layers. The laminar-turbulent transition in such flows develops in the mixing layer of the initial part of the jet (x/d = 4–8). Primary two-dimensional Kelvin-Helmholtz instability leads to the formation of vortices in the mixing layer. The pairing of such vortices and the secondary three-dimensional instability make the vortices increase up to the size of coherent structures in jet flows [5,6,7,8]. The main scenario responsible for the transition to turbulence in such flows involves the emergence of subharmonic oscillations [5,9]. Thus, large-scale motions appear in the initial part of the jet, and the characteristic cross-section scale of these motions is of the order of the mixing layer thickness [2,7]. Downstream, there are vortices with a size of the order of the jet cross-section [1,3].



It is known that jet flow dynamics depend essentially on initial conditions in inert and chemically reacting gases [10,11,12]. Nevertheless, jets issuing from tubes and holes have been much less studied. Almost no experimental data are available for such jets as far as velocity fluctuations at low Reynolds numbers are concerned. At the same time, long tubes are used in burners [11,13].



Currently, much attention is being paid to very large-scale motion superstructures [14,15]. Such large formations are observed both in forced convections in pipes and channels and in free convection flows [14]. The size of such vortices is l/δ ~ 10–20 in near-wall boundary layers [16,17] and l/d ~ 10–20 in pipe flows [18,19,20]. According to our earlier research, large-scale structures appear not only in near-wall flows, but also in jet flows [21,22,23]. The vortices of such scales can be observed in the jets issuing from long axisymmetric channels at critical Reynolds numbers of 2000–3000. In this transitional range, the flow in a pipe is intermittent in nature [18,20]. This means that, in the time scale, the instantaneous flow velocity looks like intermittent regions of laminar and turbulent motion. Note that critical Reynolds numbers (Recr) in pipes are often derived from friction factors or heat transfer coefficients [24,25]. The Recr values depend on velocity distribution and the amplitude of inlet flow perturbations [20] and can be as high as 250,000 [26]. Local turbulent structures, puffs, appear at transition Reynolds numbers, and slugs are formed in turbulent flows [18,20]. The puffs are issued from a long pipe and move downstream to form superstructures l/d ~ 20–30 perturbing the jet [21,22,23].



Currently, the mixing and combustion of gaseous fuel jets is commonly controlled using coherent structures [27,28,29]. In this work, this approach is further developed for jet flames using turbulent superstructures formed during a laminar-turbulent transition inside long tubes. A contribution of this study is the use of a time-resolution PIV technique to obtain the velocity field information of puffs in jets. Turbulence superstructures have implications for constructing numerical models for calculating dynamics and heat transfer in the near field of inert jets and diffusion jet flames.




2. Experimental Setup


The experiments were carried out on installation, as shown in Figure 1. The working gas was supplied from a high-pressure gas vessel; the flow rate was controlled by a computer using a Bronkhorst El-Flow mass-flow meter (Bronkhorst High-Tech BV, Ruurlo, The Netherlands).



The working gas was air and carbon dioxide (CO2) in isothermal flows, and methane (CH4, 99.99%) in flame jets. Gaseous CO2 was passed through a fog generator, where it was mixed with small (3–5 µm) glycerin droplets to visualize the flow, and supplied to the jet source in the form of a long round tube. The experiments with reacting flows were conducted without the use of a fog generator; instead, the working gas passed directly to the jet source.



In the case of isothermal CO2 flow, an aluminum tube with an inner diameter of d = 8 mm and length of L = 1.6 m (i.e., 200d) was used. The origin of coordinates coincided with the end of the tube, the axis x was directed downstream, and the r was measured along the radius from the jet axis. In the case of PIV measurements of dynamic flow characteristics, the gas was supplied from a similar channel into a 400 × 400 × 400 mm plexiglass flow-through passage. The reacting flows were studied using a brass tube with a diameter of 3 mm, a wall thickness of 0.5 mm, and a length of 1 m. A jet with an initial developed Poiseuille profile was formed at the tube outlet. In the experiments without combustion, the jet was visualized by a laser sheet using a Photonics DM high-speed pulsed laser (Photonics Industries International, Inc., New York, NY, USA), while the process of superstructure development was monitored using a high-speed camera. High-speed shooting was performed using a Photron SA5 camera with a 1 MPix matrix (Photron Ltd., Tokyo, Japan). The video was recorded with a frequency f = 7 kHz. The images from the high-speed camera were processed using Particle Image Velocimetry (PIV) techniques. As a result, instantaneous velocity fields were calculated and further used to obtain instantaneous velocity distributions over time along the axis and in the mixing layer. The reacting flows were recorded on Sony Alfa A6400 (SONY, Japan and Honor 10 (Huawei, Shenzhen, China) digital cameras. The jet with combustion was expanded in open-air space. Some experimental data were obtained on a DISA 55M hot-wire anemometer (DISA Electronik A/S, Herlev, Denmark) using a DISA 55P11 sensor (DISA Electronik A/S, Herlev, Denmark). During the experiment, no artificial disturbances were introduced either in the tube or in the jet. The inert jets were expanded in air at atmospheric pressure.




3. Results and Discussion


3.1. Inert Jets


In view of the fact that initial conditions play an essential role, much attention was paid to the flow state at the outlet of the cylindrical channel when studying inert free jets. Figure 2 shows the velocity ratio Um/Ub and the turbulence degree (Tu = u/Um × 100%) on the axis channel r = 0 mm as functions of the Reynolds number Re = Ubd/ν for x = 0.5 mm (Um is the axial gas velocity at the tube outlet section, Ub is the bulk gas velocity in the tube, u is the root-mean-square value of velocity pulsations). As can be seen, the velocity ratio changes from Um/Ub = 2 (corresponding to the laminar Poiseuille profile) to Um/Ub = 1.26 (characteristic of a fully developed turbulent profile in a pipe). This change is due to the laminar-turbulent transition in the tube in the Re1–Re2 range of 2395–2740. The turbulence degree Tu has a local extremum in the transition region at Re = 2598 where the maximum pulsation level Tu = 14.7% is reached. In this case, the intermittent regime (alternating laminar and turbulent flow regions) was observed.



As is known, large-scale puff structures (l/d ~ 10–20) appear in the region of laminar-turbulent transition in pipes. However, there are almost no published facts of such large structures in jets observed in the literature. Our experiments demonstrated the existence of such superstructures in jets. Figure 3 shows these data obtained by high-speed PIV at a frequency of 7 kHz. The obtained fields of instantaneous velocities made it possible to obtain time series of instantaneous velocity at any point in space within the working area. The velocity fields were exported to files containing the longitudinal and transverse velocity values for each vector of the instantaneous vector field, and the coordinates corresponding to this vector. Further, from these files, with the help of specially written programs, the time distributions of instantaneous velocities for points in space with given coordinates within the working area were extracted.



A total of 10,918 values were collected. Figure 3 presents three time series for the longitudinal velocity component for x = 60 mm on the jet axis (r = 0 mm) (a) and at distances r = 3 mm (b) and r = 4 mm (c) from the axis. All the three fragments were obtained for the same time interval t = 1.6 s by processing the working area (63 × 63 mm) in the laser sheet plane passing through the jet axis. In accordance with the studies of laminar-turbulent transition in channels [18,20], we classified these perturbations as puff structures.



Firstly, they were obtained in the range of Reynolds numbers corresponding to the laminar-turbulent transition inside a pipe. Secondly, all these axial velocity perturbations have high amplitudes, smooth leading fronts, and rather steep trailing fronts. Thirdly, no artificial perturbations were introduced in the tube or in the jet during the experiment. Comparing velocities on the axis with those at r = 3–4 mm reveals short-time correlations corresponding to the time instant of the puff passage. Thus, Figure 3 demonstrates the intermittent flow character of the jet in the near field region and the presence of puff structures with extended longitudinal dimensions and relatively small transverse dimensions.



The most common phenomenon of intermittency occurs in two cases: (a) at the boundary of a turbulent boundary layer and an external laminar flow; (b) in the case of time-variable laminar-turbulent motion, for example, during flow in a channel [15,18,20]. In jet flows, the intermittency phenomenon is usually considered on the interface boundary where the turbulent jet flow alternates with the laminar part of the ejected surrounding gas [30,31]. In our study, we consider a flow that is intermittent with time at initial section of the jet stream (particularly, on the jet axis). The intermittency factor in the near field of the air jet issuing from a long tube (d = 3 mm, L = 1 m) was measured using a hot-wire anemometer. The intermittency factor γ was defined as the fraction of time when velocity fluctuations exceeded the threshold value. The γ value was estimated according to the procedure based on the time series of measured velocity [32]. The intermittency function was defined as: γ =    1 T  ×   ∫  0 T  I  ( t )  d  ( t )   . Function I(t) = 0 if D(t) ≤ Th and the mode is laminar; I(t) = 1 if D(t) > Th and the mode is turbulent, T is the length of time series data. Double differentiated velocity D = d2U/dt2 was used as a criterion function, and threshold level Th was defined by the “dual-slope method” [32].



The data in Figure 4 are presented on the axis for two coordinates: near the beginning of the jet (x/d = 0.17) and at distance x/d = 20. As can be seen from the Figure, the data for γ for different coordinates almost coincide for equal Reynolds numbers.



For the Reynolds number Re1 = 2500, characterizing the lower boundary of the laminar-turbulent transition, the intermittency factor γ is close to 0, meaning that almost no localized turbulent structures appear. The level of velocity fluctuations in the cross-section x/d = 20 approximately corresponds to the maximum of pulsations at the exit cross-section of the pipe (x/d = 0.17, Tu ~ 1%). The intermittency factor γ = 0.5 signifies that the flow is laminar for half the time and contains turbulent puff structures for the other half of the time. At a constant Reynolds number, the frequency of puff passage varies, that is, they pass one after another at random intervals. At the Reynolds number Re2 = 2690, characterizing the upper boundary of the laminar-turbulent transition, the intermittency factor is γ = 1. The level of velocity fluctuations in the cross-section x/d = 20 also approximately corresponds to the maximum of pulsations at the exit cross-section of the pipe (x/d = 0.17, Tu ~ 4%). In this case, the time series contains no laminar sections. Note, the Re1 and Re2 numbers in our experiments for air and methane differ. This is due to the fact that the critical Reynolds number for flow in pipes is very sensitive to the level of initial perturbations [18,20]. In these experiments, different gas lines were used (from the gas source to the tube inlet), while the level of disturbances at the tube inlet was not controlled. As can be seen from the Figure 4, the data for γ for different coordinates almost coincide for equal Reynolds numbers. This conservative behavior of γ with variations in x/d can be explained by the structural stability of puff at the initial section of the jet. In our experiment, the breakup of such a disturbance occurs at x/d > 20.



Figure 5 shows instantaneous longitudinal velocities for a single puff on a short time interval of 0.6–0.8 s. The figure also presents three time series for x = 60 mm: on the jet axis for r = 0 mm (a) and for distances r = 3 mm (b) and r = 4 mm (c) from the axis. It is known [20] that the longitudinal velocity of puff structures in a pipe decreases to ~0.6Um. As can be seen from the Figure, the velocity on the jet axis decreases to ~0.25Ucl. Comparison of the velocity values on the axis with those on the radius of 3–4 mm reveals short-time correlations at the time moment of puff passage. The level of velocity pulsations is much higher on the jet periphery than on the jet axis at time intervals before and after the puff passage.



This is due to the fact that the Kelvin-Helmholtz instability at the initial section develops in the mixing layer, and not on the axis of the jet. The leading front is smooth, while the trailing front is steeper. The analysis of time series at different distances from the axis shows that the trailing front in the mixing layer (r = 4 mm) follows slightly behind the similar front on the axis (r = 0). Note that the local extremum on the axis (r = 0) do not always correspond to the local extremum at the jet periphery (r = 3–4 mm).



All this indicates that the puff has a complicated internal spatial structure, in accordance with the data reported in the Ref. [25]. Apparently, the topology of such superstructures requires high-speed PIV tomographic research methods.



Using the high-speed PIV, we can trace the change in the spatial structure of the jet with a good temporal resolution (∆t = 1/f = 143 µs). The instantaneous velocity fields (a, c, e, g, i) and vorticity distributions (b, d, f, h, j) in the laser sheet plane (x, r), passing through the jet axis, are shown in Figure 6. Instantaneous vector fields of velocity W = iUx + jUr are plotted, taking into account the velocity components (Ux, Ur); here, i, j are unit vectors along the (x, r) axes. These velocity fields are used to calculate the vorticity distribution in plane (x, r) by formula:


  ω =  (    ∂  U r    ∂ x   −   ∂  U x    ∂ r    )   



(1)







Gas moves upwards in the jet. The lower boundary in Figure 6 corresponds to the beginning of the jet; the field size is 63 × 63 mm. The size of the tube outlet is shown graphically. The dynamic pattern (Figure 6) contains five time-fragments, which relate to the time series (Figure 5) of the process of one puff movement: (a) before the puff leaves the tube 1—t1 = 0.65 s; (b) three options when the puff is in the measurement area (t2 = 0.69 s; t3 = 0.70 s; t4 = 0.72 s; and (c) when the puff leaves the measurement area (t5 = 0.74 s).



The first pair of figures (Figure 6a,b, t1 = 0.65 s) corresponds to the option when a disturbance is inside the tube and there is no puff in the measuring area. As it can be seen from Figure 6a, the near field of the jet consists of an axial core and a peripheral mixing layer.



In accordance with the velocity field, an almost vortex-free jet core is observed in Figure 6b. The Kelvin-Helmholtz instability, which leads to formation of a vortex motion, develops in the mixing layer. In this regard, maximum vorticity is concentrated in the mixing layer and has a symmetrical form relative to the jet axis, being divided into positive and negative parts. The length of the initial jet section, up to the zone where the mixing layers are closed and the transition to turbulence occurs, depends on the Reynolds number and can reach large values of the transition coordinate x1 = 200–300d at low Reynolds numbers [33]. In our experiment, the coordinate of the transition zone extended beyond our measurement region (x/d = 8). We did not perform the measurements in the region of transition to turbulence in this work.



The case when the puff structure moves down the jet within our measuring field is presented in three pairs of figures (Figure 6c–h). Due to the fact that the puff is characterized by a smooth leading edge [20], it is rather difficult to identify the beginning of the front in the velocity and vorticity fields. Two time-fragments t2 = 0.69 s (Figure 6c,d) t3 = 0.70 s (Figure 6e,f) correspond to the regime when the puff occupies the entire measurement area. At the time instant t2 = 0.69 s, the velocity fluctuations at the leading edge increase, and localized vortices become noticeable in the velocity field (Figure 6c). These vortices correspond to alternating positive and negative regions of vorticity concentration in the jet (Figure 6d). In the velocity fields (Figure 6c,e), a sinusoidal disturbance is observed in the axial region. This behavior of the puff core resembles the sin-mode characteristic of jets with a long initial section [1]. Time t3 = 0.70 s reflects the maximum velocity decrease on the jet axis (see Figure 5) when the puff passes. As it can be seen from Figure 6e,f, vortex formation increases, the distribution of vortices becomes chaotic, and a noticeable increase in vortex motion in the transverse direction is observed.



Formation of the trailing edge of the puff (t4 = 0.72 s) can be seen in the upper part of Figure 6g,h. The trailing edge of disturbance generates secondary vortices with a transverse size of about 3–4d. Perhaps this explains the trailing edge “lag” at the jet periphery, observed when the trailing edge in the mixing layer (r = 4 mm) lags slightly behind the trailing edge on the axis in Figure 5. After trailing edge propagation through the velocity and vorticity fields (Figure 6g,h—t4 = 0.72 s), it is clearly seen how the vortex motion region narrows. The lateral dimension reduces from 3–4d to 2d in the area where the puff is no longer present.



The last pair of figures (Figure 6i,j) corresponds to the case when the puff leaves the measurement field (t5 = 0.74 s). The puff is located above the upper boundary of the figure; the velocity of its trailing edge is~0.25Ucl, while the velocity of the oncoming undisturbed flow is ~Ucl. It turns out that the undisturbed part of the jet somehow penetrates into the puff. Thus, Figure 6i,j demonstrates the end of the puff propagation and restoration of the laminar flow of the jet.



Further, the picture of the regime change is cyclically repeated in accordance with the time series shown in Figure 3. That is, the occurrence of puff-type structures in the measurement region is randomly repeated. In this case, the probability of disturbance appearance corresponds to the intermittency coefficient shown in Figure 4.



As is known, statistical characteristics of dynamic processes include power spectrum and autocorrelation, which relate to completely different characteristics of the original signal. Autocorrelation reflects the memory and internal (temporary) relationships within the system, whereas the power spectrum refers to the dominating fundamental frequencies. The scenario of intermittent laminar-turbulent transition is characterized by the absence of dominating frequencies in the spectrum of velocity fluctuations [25,34]. In this regard, the autocorrelation function is the most interesting [35].



Figure 7 shows such data plotted for the longitudinal component of velocity pulsations in the case of turbulent flow (Re = 3077 > Re2) and for single puffs (Re = 2400 > Re1). As can be seen, the characteristic time for single puffs significantly exceeds that for the turbulent flow. This indicates that the longitudinal size of such structures during laminar-turbulent transition is significantly larger than characteristic structures in the turbulent flow, thus justifying the use of the term “superstructure” for large turbulent puff formations. The data for the turbulent flow show a monotonic decrease of R(τ) with a small negative part, which is typical of developed turbulent flows. The spatial integral scales of longitudinal structures l can be estimated using the Eulerian integral time scale    t *  =   ∫  0 ∞  R  (    τ  U  c l    d   )  d  (    τ  U  c l    d   )    calculated according to the data in Figure 7. This integral for a turbulent flow is l/d = t × Ucl/d = 0.04. The longitudinal puff scales for variants 2–4 are l/d = 15, 28, and 25. Function R(τ) for the same laminar flow (not shown) is that of a noise giving the limitations of our PIV measurements [36].



According to the measurement results, the near field region of the jet (x/d < 40) in the range of Reynolds numbers corresponding to the laminar-turbulent transition in the pipe can be conditionally divided into two stages in time (Figure 8). In the “laminar” stage at Re < Re1, the flow (Figure 8a) qualitatively corresponds to the pattern of a jet issuing from a convergent nozzle. In the initial zone 1, the Kelvin-Helmholtz instability develops in the mixing layer and leads to the formation of a vortex motion. The length of zone 1 (Figure 8a) depends on the Reynolds number, and the transition coordinate can reach values as large as x1 = 200–300d for small Reynolds numbers Re = 300–400 [33]. Further downstream, there is a turbulent zone 2. In this case, the velocity profile and the distribution of velocity pulsations are similar to those observed in turbulent jets at large Reynolds numbers. In the “turbulent” stage of the flow, the superstructures prevail (Figure 8b) due to the fact that firstly, their longitudinal size can reach 20–30d, that is, it greatly exceeds the structures typical of the instability development in the mixing layer (~thickness of the mixing layer). Secondly, their level of velocity pulsations is an order of magnitude higher than that in the mixing layer in the “laminar” stage. Note that the length of the zone before the transition to turbulence x1 significantly depends on the Reynolds number and is equal to x1 = 10–15d when a laminar-turbulent transition occurs inside the pipe. Thus, during the “turbulent” stage, the puff occupies the entire zone 1. The measured time series of instantaneous velocities at this point show residual turbulent spots, increasing instability of Kelvin-Helmholtz waves, and an overall increase of broadband noise. The preliminary experiments indicate that puffs are destroyed in zone 2, but the mechanism of their decay requires additional research.




3.2. Diffusion Jet Flames


Analysis of flame/vortex interactions is important for the development of turbulent combustion models and combustion stability models [27]. One such model represents the turbulent flame by the interaction of a laminar, non-premixed flame with repeatable toroidal vortices [37]. In our case, the repeatable vortices are the puff structures. As it was shown earlier [21,23], the scenario of disturbance development in a diffusion flame is the same as that for puff structures in a free isothermal jet. The range of Reynolds numbers also corresponds to the intermittency scenario of laminar-turbulent transition in the supply tube. In the absence of artificial disturbances in the channel, the appearance of puff structures in the flame is probabilistic in nature. As is known, some of the structures completely decay inside the tube [19]. Large vortex structures (l/d ~ 20–30) are localized in the near-axis region of the fuel jet. Its transverse size is of the order of the nozzle diameter in the laminar zone and notably larger in the turbulent zone. The presence of superstructures significantly affects the behavior of the flame front. The effect of puffs on the reacting flow depends on the type of torch (attached, detached flame) and on fuel mixture components. For example, the front of the attached propane flame is only slightly affected by the disturbance of the near-axis fuel region by puffs [21,23].



The results for the reacting jet were also obtained for the intermittent regime in the Re1–Re2 range for the Reynolds number Re = 2312. The gas flow passed from the bottom to the top. The time video sequence was taken from a single prolonged record. Figure 9a shows the image of an unperturbed attached diffusion flame of methane without puffs. Using a photo flash allowed obtaining a twin image similar to the schlieren image of the flame against a white screen. The left side of the figure contains two bright flame regions, apparently due to the glow of soot particles. The flow pattern is qualitatively similar to the results reported in the Ref. [13] for diffusion flame jets of hydrogen flowing out of a long tube. The laminar fuel jet core propagates in the interval of length x/d ~ 26 up to point A corresponding to coordinate x1 for the inert gas jet. After point B, the regime of turbulent fuel flow develops. In this region, the laminar flame transforms into the turbulent flame; as a result, the flame cross-section significantly increases and an intensely glowing red region appears. Such flow structure is almost stationary, with the exception of positions of points A and B which vary slightly. As it was mentioned in the Ref. [38], the transition from laminar to turbulent flame jets significantly depends on the composition of the combustion gas.



Figure 9b shows the effect of the puff on the flame structure. As can be seen from the images of the attached methane-air flame, the flame topology is significantly affected by the puff passage. The bottom of Figure 9b shows the laminar section and the puff superstructure followed by local extinction and the traces of the previous flame section.



Figure 10 shows a more detailed sequence of video frames presenting the puff passage dynamics. The total length of the undisturbed flame is about 240 mm for the mass-averaged jet velocity 15.5 m/s. The first changes in the flame shape due to the puff passage appear in frame 79. Having a characteristic longitudinal size of ~30d, the puff structure takes 3 frames that were recorded at a speed of 480 fps (Figure 10, frames 79–81). The disturbance caused by the laminar-turbulent transition maintains at much larger times scales (frames 79, 85) and may be associated with local extinction and formation of spatially separated combustion regions (frames 84, 85).



It is known that a methane diffusion flame issuing from a tube of small diameters d = 1–3 mm exists only in the regime of an attached flame [39]. In contrast to propane–air flames, increased fuel consumption upon methane combustion leads only to flame blow-off and extinction. In our experimental conditions (d = 3 mm, Re = 2312), the methane–air flame remained attached under the influence of puff structures, and no combustion blow-off was observed.



As is known, the dynamics of reacting jets depends on numerous factors, such as gas properties, fuel mixture, and burner geometry. However, our experiments showed that the disturbance development in the near field region of the fuel jet is similar to the inert jet with puff structures. The characteristic superstructure scales in the reacting jet are the same as those in the inert jet at the Reynolds numbers corresponding to the laminar-turbulent transition in the tube. Apparently, the effect of disturbance on the flame front is determined by the proportion of several main factors: density gradient in the radial direction, deformation of the flame front, and velocity of flame propagation. The presence of superstructures is a strong physical mechanism causing profound changes in the flame topology. At the same time, the presence of a cascade of different size vortices inside the puff can cause fractal deformation of the flame front. These two mechanisms are promising in terms of diffusion flame control.



It can be seen that there is a significant deformation of the flame, accompanied by a violation of the symmetry of the reacting flow. Note that these two chemical systems are very similar. The values of the quantities characterizing the flame—the flame propagation velocity, the characteristic thickness of the reaction zone, and the flame temperature—are quite close. In the diagram of the diffusion flame Figure 7, it can be seen that these systems practically coincide. Apparently, the density gradient in the radial direction for a thermally stratified flow may be a significant factor determining the flame stability. Assumingly, if the Richardson number dRi/dr < 0 and the radial temperature gradient dT/dr < 0, then the stratification is unstable (methane–air flame).



As it can be seen from Figure 10, when methane burns in the presence of a puff, significant deformation of the flame front, accompanied by violation of the symmetry of the reacting flow, occurs. At the same time, as our experiments show [21], the attached propane–air flame is deformed insignificantly. At that, the values of the parameters characterizing these two cases (flame propagation velocity, characteristic thickness of the reaction zone, and flame temperature) are quite close. To describe interaction of concentrated vortices with a diffusion flame front, the diagram [40] shown in Figure 11 can be used. In this paper, large-scale puff-type structures are proposed to be considered as concentrated vortices. In Figure 11,   P =  l t  /  δ L    is the linear scale ratio, and   S =    u t     S L      is the characteristic velocity ratio. Here    l t    is the characteristic longitudinal scale of turbulent velocity pulsations,    δ L    is the thickness of the flame front,    u t    is the characteristic of velocity pulsations,    S L    is the flame propagation velocity. As it is shown above, the puff-type vortex structures in a flame have a complex internal structure. In addition, it should be taken into account that the dynamics of disturbance development in the axial and radial directions is substantially anisotropic. Apparently, the density gradient in the radial direction for a thermally stratified flow can be a significant factor determining the flame stability. It is known that in stratified flows, a decrease in the Richardson number   R i = Δ ρ g l /  (   ρ 0   U b 2   )    leads to turbulence intensification [41]. The outflow of a denser gas (for example, ρC3H8 = 2.1 kg/m3) into a less dense (ρair = 1.2 kg/m3)) medium allows instability suppression and an increase in the length of the jet laminar part due to the density gradient [42]. Conversely, when a jet of a lighter gas is injected (for example, ρCH4 = 0.75 kg/m3), an increase in the flow disturbance in the radial direction can be expected. If we take l (the longitudinal size of the puff) as    l t   , the values of P and S for methane and propane correspond to the Weak Flame Wrinkling region in the diagram. The corresponding points in the diagram shown in Figure 11 almost coincide with each other.





4. Conclusions


The paper presents an experimental study of subsonic flows in the near field of inert and reacting circular jets. The jets flowed from long axisymmetric channels with a diameter of 3–8 mm into air at low Reynolds numbers of 2000–4000. The following fluids were used as a working liquid: for inert jets, it was air and carbon dioxide (CO2), and for reacting jets, it was methane (CH4). Gas jets flowed into air at atmospheric pressure. During the experiment, no artificial disturbances were introduced both in the tube and in the jet. A hot-wire anemometer and a high-speed 2D PIV were used to diagnose the flow. For non-reacting jets, the distribution of the average velocity and velocity pulsations in the initial section (CO2), and the intermittency coefficient in the initial cross-section (x/d = 0.17) and at distance x/d = 20 (air) were measured. The main emphasis was placed on the PIV measurement of velocity fields with a frequency of 7 kHz in a plane passing through the jet axis with a measurement area of 63 × 63 mm, which included the beginning of the CO2 jet. For a reacting methane jet (CH4), the diffusion flame was visualized in the regimes of a laminar-turbulent transition inside a long round tube.



The following main results were obtained in the research:




	
In accordance with the universal scenario of laminar-turbulent transition through intermittency, a two-stage pattern of a subsonic gas jet flow from long tubes in the near region was proposed. This pattern refers to Reynolds numbers, when a laminar-turbulent transition occurs inside the jet source (a long tube) and large-scale puff structures are formed. At the “laminar” stage, there is no puff in the near region of the jet, and at the “turbulent” stage, the puff is available.



	
According to the measurements of the intermittency coefficient in an inert jet, the data for different coordinates (x/d = 0.17 and at distance x/d = 20) almost coincide at Re = idem. This indicates that, on the whole, the puff structure is sufficiently stable and conservative in the near field of the jet up to the zone of transition to turbulence.



	
Based on the velocity fields measured by the high-speed PIV, the time autocorrelation function on the jet axis in cross-section x/d = 20 was determined. The spatial integral scale in a turbulent flow at Re = 3077 is l/d = 0.04. At the same time, the longitudinal scale of a puff at Re = 2400 is l/d = 9–23, and this justifies the use of the term “superstructure” for turbulent puff formations.



	
The results of measuring the flow field using high-speed PIV allowed us to establish that the puff is characterized by complex temporal and spatial dynamics. At the “laminar” stage, in the initial section, there is a vortex-free core near the jet axis and large vorticity in the mixing layer of the jet caused by the Kelvin-Helmholtz instability. At the stage of superstructure propagation, it is possible to diagnose a disturbance extended along the x-axis (20–30d) with a smooth leading and steep trailing edges. In addition, the level of velocity fluctuations increases noticeably, which increases vorticity in the entire puff region. Second, at the moment of a maximal decrease in the velocity on the jet axis to a value of ~0.25 Ucl, a sinusoidal disturbance is observed in the axial region of the puff, which leads to formation of localized vortices. Downstream, the dynamics of these vortices becomes more chaotic. Intense vortex formation leads to a significant increase in the jet in the radial direction up to values of 3–4d.



	
The two-stage flow pattern also takes place in the near region of the reacting gas jet flowing out from long tubes. It was found that the presence of a chemical reaction can make a significant addition to this mechanism. It is shown that during methane combustion, the puff movement leads to a significant deformation of the flame front, and at the same time, during the propane flame combustion, the deformation of the front is less significant. For the first time, the P-S diagram [40] was used to describe the interaction of large-scale puff vortices and the flame front of methane and propane. It was found that the location of methane and propane on the diagram corresponds to the “Weak Flame Wrinkling” region. The formation of superstructures can be the determining mechanism for a global change in the flame topology. Thus, the presence of vortices of different sizes in the puff composition can lead to fractal deformation of the flame front. These mechanisms provide a basis for the formation of a new method for controlling diffusion combustion in devices using long tubes and channels.
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Nomenclature




	d
	tube diameter, mm



	L
	tube length, m



	l
	integral scale of longitudinal structures, mm



	U
	instantaneous velocity, m/s



	Ub
	bulk gas velocity in the tube, m/s



	Ucl
	axial gas velocity at a given cross-section, m/s



	Um
	axial gas velocity at the tube outlet, m/s



	Ur
	gas velocity in radial direction, m/s



	W
	instantaneous velocity vector, m/s



	u
	root-mean-square of velocity fluctuations, m/s



	r
	radial coordinate, mm



	t
	time, s



	T
	temperature, °C



	Tu = u/Um × 100%
	turbulence level, %



	x
	longitudinal coordinate, mm



	x1
	coordinate of the laminar-turbulent transition in the jet, mm



	P =    l t  /  δ L   
	linear scale ratio



	R(τ)
	Eulerian time-correlation function determined from longitudinal velocity pulsations



	Re = Ubd/ν
	Reynolds number



	Recr
	critical Reynolds number



	Re1
	lower boundary of the laminar-turbulent transition



	Re2
	top boundary of the laminar-turbulent transition



	Ri =   Δ ρ g l /  (   ρ 0   U b 2   )   
	Richardson number



	S =      u t     S L     
	characteristic velocity ratio



	t* =     ∫  0 ∞  R  (    τ  U  c l    d   )  d  (    τ  U  c l    d   )   
	Eulerian integral time scale



	γ
	intermittency factor



	δ
	thickness of the shear layer, mm



	τ
	autocorrelation function time lag, s



	ω
	vorticity, 1/s
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Figure 1. Experimental setup scheme. 






Figure 1. Experimental setup scheme.
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Figure 2. Velocity and velocity pulsations in the initial section of the CO2 jet. 
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Figure 3. Time evolution of CO2 longitudinal velocity in the mixing layer at distances r = 4 mm (a) and r = 3 mm (b) from the axis and on the axis (r = 0) (c) in the x = 60 mm cross-section for Re = 2400. 
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Figure 4. Intermittency factor in the air flow. 
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Figure 5. Time series of the single puff velocity in the mixing layer at distance r = 4 mm (a) and r = 3 mm (b) from the axis and on the axis (r = 0) (c) in the cross-section x = 60 mm (CO2), Re = 2400. t1 = 0.65s; t2 = 0.69 s; t3 = 0.7 s; t4 = 0.72 s; t5 = 0.74 s. 
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Figure 6. Instantaneous velocity (a,c,e,g,i) and vorticity (b,d,f,h,j) fields during puff propagation. The fields correspond to the time instants in the time series in Figure 5: (a,b) t1 = 0.65 s; (c,d) t2 = 0.69 s; (e,f) t3 = 0.7 s; (g,h) t4 = 0.72 s; (i,j) t5 = 0.74 s. 
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Figure 7. Autocorrelation function on the jet axis in the section x = 60 mm (CO2): turbulent flow (1), and autocorrelation characteristics of single puffs (2–4). 
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Figure 8. Two jet flow stages in the laminar-turbulent transition regime: (a) the “laminar” stage, (b) the “turbulent” stage. 
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Figure 9. Methane diffusion flame, Re = 2312, d = 3 mm, L = 1 m. Unperturbed flow (a), emanation of puffs (b). 
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Figure 10. Sequence of video frames (480 fps) of vortex disturbance in the methane-air flame. Frame numbers 78–85, Re = 2312, d = 3 mm (see Supplementary Materials). 
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Figure 11. Diagram for non-premixed flame/vortex interactions [40]. Black marks: higher-methane, lower-propane. 
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