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Abstract

:

Theoretical and experimental aspects of the project were conducted to investigate the effect of the mixing of a swirling steam jet into cross-flowing water. It was observed that based on the theoretical adiabatic estimations for the equilibrium temperature of steam–water mixing and by varying Psteam = 1–3 bar, Pwater = 1 bar and RPM = 60–300 around 97% (experimentally compared to the area it has at initial condition) and 85% (CFD study compared to the area it has at initial condition), an increase in the area under the influence of perfect adiabatic mixing was found. A virtual cover over the steam duct was seen. The area of this virtual cover based on the void fraction of swirling steam had a weak relationship with the total area of the region, inhibiting the perfect mixing for which an analytical relationship had been developed. The effect of mixing on the stability of swirling steam–water cross-flows was overall more than twice that of the effect on the area under the influence of the stability profile protrusions. Thus, an overall rise in inlet pressure contributed to improper mixing, whereas a rise in the RPM contributed to proper mixing inside a fixed window of observations. The effect of spatial scaling of a swirling steam trajectory on mixing in cross-flowing water was also investigated across the vertical plane. Also, the scaling of the vertical trajectories of the swirling steam jets under all operating conditions resulted in merging the regions of perfect mixing to some extent. Thus, the area under the influence of perfect mixing was reduced to around 3–4.7% under all operating conditions with scaling. This type of scaling has enormous potential for the characterization of larger fluid domains in environmental and process engineering studies.
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1. Introduction


Mixing two fluids via injection of one fluid into a flowing stream of another fluid in a cross-flow configuration has immense importance in engineering applications. Based on the differences between their inlet pressures, velocities and mass flow rates, myriad such scenarios are encountered in daily life, ranging from the ejection of exhaust gases from chimneys of processing plants into the atmosphere and turbo machinery (film cooling of turbine blades) to jets injected into combustors, waste discharges into flowing streams of water, and many more. The mixing via subsonic cross-flow in a confined environment is another facet of this problem, which includes examples such as premixing of fuel and air, injection of sorbents, and combustion with emission control—a few of the more prominent among countless issues. A huge number of studies have been conducted on the topic of cross-flow characterization [1], with few discussing some specialized aspects of this topic experimentally, like the scaling of the local velocities, temperature, and concentration maxima [2,3]. They have derived relations to infer collapse of the various profiles [4,5] for scaling and effective penetration depths, as well as effects of the boundary layer thickness on the initial profile of the jet [6]. In another category of these types of studies, the profiles of the cross-flow jet after the onset of its interaction with the flowing stream have been discussed [7,8,9,10]. The turbulent flows may also be generated when the jets have been exposed to the cross-flowing fluids. It has been found that these flows contain four basic structures that include the vortices produced by the jet shear layers [7], which create an interface between the jet and the cross-flowing fluid, the horseshoe vortices produced above the jet in upstream surfaces [7,9], whereas the counter-rotating vortices are generated following the tilting of the jet’s progression by the cross-flowing fluid [10], and the wake vortices [4] that are produced on the leeside of the jet situated in the far downstream fluid mixture. Among earlier studies that have been performed regarding the jet characteristics in the cross-flow field, most have focused on the identification of the scaling laws for the jet’s trajectory. In this regard, earlier reviewers [11] provided much insight into a gas jet’s flow characteristics in the cross-flow. In these works, an important parameter like jet penetration was also characterized. In addition, other parameters like the length scale, which provides information on the collapse of the center-line trajectory of the circular jets, were also investigated [2,3,5]. The behavior of the initial jet profiles and the boundary layers in the case of jets in cross-flowing fluids was also investigated in much detail. Both theoretical and experimental aspects of the project has been investigated to highlight the influence of mixing of the subsonic swirling steam jet with cross-flowing water. Possible further outcomes from this study should determine the influence of mixing phenomena on the interactive stability between the swirling subsonic steam and cross-flowing water. Also, it will attempt to find the trajectory associated with the spatial scaling of swirling steam, affecting the flow of cross-water stream. Despite the huge volume of research conducted on the topic of cross-flows, to our knowledge, no studies that inter-relate the extent of mixing of swirling steam with water in a subsonic confined configuration with cross-flow orientation have been performed or cited elsewhere.



We anticipate very complex flow dynamics in the region of interest (ROI—where the subsonic swirling steam jet interacts with the cross-flowing water). Here, in the present experimental setup, ROI refers to two orthogonal planes, with one along the plane sheet on which LM35 sensor arrays were mounted (termed the plane of symmetry), and the other a vertical plane across which LM35 temperature sensors [12] and HFA sensors [13] traversed. The domain thus characterized is under the influence of varying hydrodynamic operating conditions, and hence, with turbulence being involved, inhibits complex flow phenomena. Without a complete understanding of these conditions, a clear and realistic picture of the phenomena taking place across these planes, where subsonic steam in a swirling configuration interacts with cross-flowing water, cannot be approximated. Thus, our knowledge will remain hampered considerably without a detailed study on this topic. The present manuscript is an effort in this regard. The details of the experimental setup, and the results thus drawn, are discussed in the following sections.




2. Experimental Setup


The experimental setup comprised a cylindrical vessel, as shown in Figure 1a, with a length of 3 m and diameter ~0.4572 m (45.72 cm). The length of the experimental setup was around 3 m. The flow rig was manufactured with this dimension because it was intended to ensure a smooth flow of the cross-flowing water, without any disturbance that might occur due to sudden ejection from the inlet orifices. Secondly, better mixing was achieved owing to the water and steam jet interaction at these length scales, which provided promising results. The cylindrical vessel was manufactured from grade 316 (13-gauge) stainless steel and had two sections. The first section was a horizontal section with a length of 3 m, and the second section was an inclined, vertically downward diverted (45° to the horizontal axial axis) section, as shown in Figure 1b. Water was injected from the left-hand side of the vessel and collected at the end of the downward diverted section. Steam was injected into the flow vessel by using a vertical pipe (diameter = 3.5 cm, length = 7.62 cm, from the base of the rig, oriented along the radial direction of the flow vessel) that had a propeller fixed at its exit. The water, being warmed by mixing with the steam, was run through the titled pipe into the water reservoir, and the hot water was pumped into the cold reservoir before being sent into the horizontal pipe. The propeller was rotated by using a motor that had a fine adjustment for controlled propeller RPM. The propeller was attached with a shaft that extended on the backend to a bevel gear that was rotated using an external motor. The objectives served by the propeller were not only to inject the steam into a swirling configuration, but also to help recover the pressure loss incurred inside the nozzle and propeller assembly. Steam was injected into the nozzle at a pressure of 1–3 bars, whereas the propeller was rotated at a speed varying from 60 to 300 RPM. The operating conditions are given in Table 1. The whole setup was closed and wrapped heavily from the outside using Teflon and sponge layers so that the temperature of the water inside the rig would not be affected by the external environment temperature. To safeguard against any accidental pressure buildup, the whole setup was kept at a pressure of “0 bar of gauge pressure” using a pressure sensor and pressure safety valves (Figure 1b). The measurements for the velocity profiles were acquired using a total of 20 Hot Film Anemometers (Dantec HFA-D55R11 series [13]), as shown in Figure 2. These sensors have up to three components of velocity measurement, a small probe size, the ability to measure in increments of 1 mm for fast frequency response, a sampling frequency of up to 400 kHz, and flow rates of around 2–10 m/sec.



The measurements for recording the extent of mixing were performed using a total of 217 LM35 temperature sensors [12]. The LM35 device draws only 60 µA from the power supply and has very low self-heating of less than 0.1 °C in still air. The LM35 device is rated to operate over a −55 °C to 150 °C temperature range, while the LM35C device is rated for a −40 °C to 110 °C range (−10° with improved accuracy). Out of the 217 LM35 temperature sensors, 189 were used at a sampling speed of 5 kHz for 5 min and were mounted on the plane sheet to acquire the time-averaged temperature data from the fluid flowing over the plane sheet. The 28 remaining LM35 temperature sensors were used at the same sampling rate and duration (with a total sampling time at each respective position of 0.1 cm each step) and mounted with a vertical rod to acquire the time-averaged temperature data along the vertical plane. While the velocity measurements were being conducted, 20 LM35 sensors were mounted with HFA sensors, and of those, 13 were mounted along the horizontal direction and 7 were mounted along the vertically mounted HFA sensors. These 20 LM35 temperature sensors provided measurements of the temperature of the fluid present within the vicinity of the sensor at the time of velocity measurements. These measurements were used afterwards to obtain an estimate of the value of the density of the fluid as well. Thus, these 20 LM35 temperature sensors were also used to calibrate the HFA sensors as well. All LM35 temperature sensors mounted on the plane sheet had their sensing sides in an upright direction, whereas those mounted with a vertical rod had their faces oriented in the direction opposite to that of the flowing water and steam mixture. All HFA sensors were mounted on a straight perforated rod, as shown in Figure 2. Using an external electronically controlled switching setup, both the temperature and HFA sensors were placed in operating mode at the same time and had the same operating times.



The rod had a perforated structure to minimize disturbances in the measurements due to the flow-induced disturbances among the neighboring HFA sensors. The disturbances were further minimized by mounting the velocity-measuring sensors at a reasonable height from the body of the rod (i.e., 4 cm). The sampling rate for the HFA sensors was 5 kHz, and the total sampling time at each respective position (0.1 cm each step) was 5 min. The movement of the vertical rod inside the rig was controlled by the motor, which had a movement arm traversing through the body of the rig, across a lip seal to avoid possible leakage. The rotation of the rod inside the rig contributed to traversing the vertical rod along the axial direction of the rig through a shaft with a fine pitch of 0.1 cm. The motor, regulated by a regulator and transformer and used for the rotation of the propeller, was calibrated for the frictional and inertial losses using a tachometer [14]. It was observed that in the water at 15 °C, the error in the RPM measured by the tachometer ranged from 0.05 to 0.06% (3–18 rpm) at varying rotational speeds of 60–300 RPM, which was corrected by increasing the RPM of the motor in corresponding experimental phases to rotate the mixture of steam and water at the given RPM (Table 1).



As the experimental setup was closed to record the spatial position of each of the sensors along with the axial and radial directions, a parallel graduated scale was provided, as shown in Figure 1b. The vessel was filled with cold water at 15 °C, and during all experimental phases, the vessel was kept filled with the water at the same temperature. The mass fraction added by the injection of steam and water was drained using a manual valve at the right-hand side of the vessel, as shown in Figure 1b. Due to possible ambiguity in the measurements by the HFA probes due to the flow of water, the measurements were undertaken with flowing water only. It was observed that the maximum amplitude of the fluctuations as measured by the HFA sensors was 0.5 cm; thus, this value of the amplitude was subtracted from the measurements by the HFA probes, which were recorded after the onset of the swirling steam injection. This was performed to show a clear picture of the flow processes that take place due to the swirling injection of steam only. Initially, the rig was filled with the water at 15 °C, then afterward, water at the same temperature was injected into it for all phases of the experimentation. This was exercised to avoid disturbances in the measurements by the HFA sensors at their measuring faces due to the boiling of water. The hot-film anemometers use for the velocity measurements in steam–water two-phase flows had been proved in previous studies [15,16]. The HFA sensors were calibrated for the known inlet pressures of steam (i.e., 1–3 bars) and water (1 bar). The relation used for the velocity calculation using the present conditions is as follows [17]
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The value of the local density   ρ   was estimated based on the temperature of the fluid present at the time of measurement and the spatial location of the LM35 temperature sensor, which was attached with each HFA sensor during calibration. For comparison the value of for average velocity was estimated by the following relation [17]
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using the fluctuation data from each of the HFA sensors. It was found that a relative error existed in the measurements collected by the sensors, which was below 4%, corresponding to the velocity fluctuations against the inlet pressure of steam and water (1–3 bars and 1 bar, respectively) at a 5 kHz sampling rate of the sensors; the measurements were repeated 5 times with a sampling duration of 5 min in each phase of experimentation to confirm the value of the relative error. The corresponding error values were subtracted from each measurement by each sensor before drawing the results. The magnitude and sign of the error in velocity fluctuations were determined by setting the confidence interval of the velocity fluctuation values, and any deviation from this was treated as the magnitude and sign of the error in velocity fluctuations. The LM35 sensors’ relative errors ranged from −0.75 °C to +0.75 °C, as mentioned in the manual for these sensors [12]. Values for the velocity calculations were obtained using Equations (1) and (2) [12,13,16]. It should be noted that the most confusing parameter, i.e., the density of the fluid at that time in the observed section, was measured with the help of the temperature measurement. We took the temperature measurement, then, with the help of the confidence interval, or, in case of too much fluctuation, by using averaging, we calculated the temperature of the steam–water mixture at that time point. For the density values, the STEAM DATA TABLES [18] were consulted.



Measurements based on the temperature values were adjusted based on these error ranges. The hydrodynamics of the flow and thus the selection of the given parameter provided the best possible way to determine the flow characteristics using the available equipment. All of the related equipment used in the current investigations was calibrated with the standard procedures for each instrument. All abbreviations thus used for the calculations are tabulated at the end of the manuscript in Appendix A. The results thus drawn are given in the following sections.




3. Results and Discussion


The results have been categorized into three sections The first section deals with the extent of mixing and velocity profiles in a swirling steam injection into cross-flowing water along two orthogonal planes. In the second section, the effect of mixing on the stability of the flow domain is reported and discussed. In the third section, we discuss the effect of scaling of the vertical trajectory of the swirling steam jet on the mixing under all operating conditions. It should be noted that the measured results for the temperature and velocity have been supported by the CFD outcomes wherever necessary.



3.1. The Extent of Mixing and the Velocity Profiles for Swirling Steam Injection into Cross-Flowing Water


The steam was injected into the cross-flowing water at 1 bar of gauge pressure initially, at varying rpm ranging from 60–300 rpm. The water was injected at the same 1 bar of gauge pressure; the manual valve was used to adjust the pressure inside the flow vessel. Measurements were obtained by using the LM35 temperature sensors [12] mounted on the plane sheet. It should be noted that all LM35 temperature sensors were mounted on the plane sheet in such a way that their measurement faces were flush with the surface of the plane sheet. The corresponding time-averaged temperature measurements for the time duration (i.e., 5 min) recorded by each of the LM35 temperature sensors are shown by the color contours on each sensor in Figure 3.



The color contours inside each circle show the rounded-off, time-averaged value of the temperature recorded by the respective LM35 temperature sensor. As the flow vessel was heavily wrapped with Teflon and sponge tape, on an adiabatic basis, the theoretical equilibrium temperature of the resultant mixture of steam and water at the varying inlet pressure, neglecting friction losses and height differences, was given by Equations (3)–(6), as follows,
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where       m  ˙    w a t e r     is the mass flowrate (kg/s) of water,       m  ˙    s t e a m     is the mass flowrate (kg/s) of steam,     T   w a t e r     is the temperature of water at the inlet (°C),     T   s t e a m     is the temperature of steam at the inlet (°C),     P   i n − i     is the inlet pressure of steam or water (Pa),     P   o u t     is the outlet pressure of steam or water (Pa),   i   represents steam or water,       V   i    ˙    is volumetric flowrate (m3/s), and   R   is the universal gas constant (J/mol.K). Based on these estimations, the adiabatic equilibrium temperature at varying operating conditions ranged from 57.5 to 74.5 °C. So, the average temperature value recorded by each of the LM35 temperature sensors, which was within the given temperature range at the respective operating conditions, provided the information related to the extent of mixing as well as the area patches on the plane sheet that inhibited proper mixing between the swirling steam and cross-flowing water. In other words, the color contours belong to the temperature ranges that showed the extent of mixing of the swirling steam and water in terms of area inhibiting the mixing phenomenon. A Matlab-based code written for color recognition and pixel counting [19] was used to recognize different colors based on their RGB intensity as well as to estimate the area based on their colors. It should be noted that the experimental values of the average temperature recorded by each LM35 sensor constructed a 2D plane sheet having different color patches based on the difference in the average temperature values. The experimental values were compared/supported by using the computational fluid dynamic (CFD) studies, in which the direct contact condensation (DCC) model [20] was applied to our previous steam–water studies [12,21,22]. The associated boundary conditions for the CFD study are given in Table 2. A total mesh number of 4.89 million along the two orthogonal planes provided grid independence at all operating conditions. The perfect mixing zones based on the experimental as well as theoretical studies at the initial conditions (i.e., Psteam = 1 bar, Pwater = 1 bar, and rpm = 60) can be seen in Figure 4a. Perfect mixing is outlined by the even distribution of steam bubbles across the cross-flowing water, and even distribution of steam is reduced. It should be noted that the experimental measurements were placed in an overlapping configuration over the CFD-based profiles after equating the aspect ratios of the two figures (one figure contains experimental profiles, and other contains CFD profiles) showing the orthogonal planes. A clear difference existed between the theoretical and experimental values of the temperature profiles. A possible reason for this difference may be the spatial resolution of the temperature sensors on the plane of symmetry as well as vertical planes while acquiring the experimental data, as the distance between two adjacent LM35 temperature sensors left a void region between them. This region may have contained some meaningful data regarding mixing that was not acquired within the allowed time due to limitations in the data acquisition system used in the present experiment.



Contrarily, in simulation studies, no region was left without characterization. It should also be noted that in the CFD studies, a number of suppositions led to regular nature profiles, whereas in the experimental studies, there were myriad hidden factors that were not incorporated into the CFD studies, including the non-uniformity of the flow profiles in connection with the surface of the plane of symmetry, the effect of the wake profile and insertion of the surrounding cold water inside the leeward section. It should be noted that, in the experimental profiles, regions inhibiting perfect mixing have been shown only, whereas in the CFD profiles, such area patches have been shown by a dotted square around a portion in the legend. The corresponding area patches have been shown by color contours in the CFD profile along the vertical and horizontal planes.



The variation in the area patches inhibiting the perfect mixing of swirling steam inside the cross-flowing water under the varying operating conditions on an experimental as well as theoretical basis is shown by the bar charts in Figure 4b. The centralized dark region is the maximized mixing area, whereas the zones surrounding this represent inhibited mixing areas shown by the color, which is lightened as it is displaced away from the center of the steam pipe’s exit. It was found that the rotational speed of the propeller, as well as the inlet pressure of the and water, contributed to a rise in the area under the influence of approximate perfect mixing. With an increase in rotational speed from 60 to 300 RPM in steps of 60 RPM, the percentage increase in the area under the influence of perfect mixing ranged from 13 to 25% on an experimental basis and 15 to 38% on a theoretical basis. Overall, by varying the operating conditions from Psteam, Pwater = 1 bar each and RPM = 60 to Psteam = 3 bars, Pwater = 1 bar and RPM = 300, a 97% (on experimental basis) and 85% (on theoretical basis) increase in the area was estimated, which was under the influence of perfect adiabatic mixing. In the experimental study, a higher percentage of rise in the area under the influence of perfect mixing than in the CFD study was noted. However, in fact, there was a tendency toward narrowing the difference between experimental and CFD results within a fixed aspect ratio plane. The experimental results shown in Figure 4b are reproducible with varying errors depending upon the accurateness of the experimental setups. In the present setup, the errors shown in Figure 4b ranged from 4 to 7%. The velocity variations were measured using the 20 HFA sensors, of which 13 were oriented in the horizontal direction with respect to the plane sheet and seven were mounted in the vertical direction with respect to the plane sheet. For characterizing the fluid region based on the velocity distribution across the plane of symmetry as well as a vertical plane, the velocity data were recorded by using the HFA sensors along the plane of symmetry as well as vertical plane. The amplitudes of the velocity fluctuations were computed using a fast Fourier transform (FFT). As the data were acquired for the whole length of the plane sheet, only the time-averaged amplitudes at an axial distance of 1 cm along the axial direction over the plane sheet were plotted symbolically with the similar experimental and CFD aspect ratio-based temperature profiles, as shown in Figure 5. The actual values of the amplitudes can be seen in the legend in Figure 5. Here, two important observations were made. First, the time-averaged amplitudes of the velocity profiles had higher values in the crossing regions than the mainstream velocity, whereas the water/steam mixed region was directed toward the windward side, and the velocities were toward the leeward side of the swirling steam duct. A possible reason for this behavior is that the swirling steam jet may provide a virtual cover over the exit of the duct, which leads to bending of the mainstream flow. This lead toward an accelerated flow within this region, which contributes to an increase in the velocity of the swirling steam–water mixture in these regions. These regions are depicted by Regions R1 and R2 in Figure 5. Another observation was that when the duct was raised above the surface of the plane sheet to a height of h ≈ d/2, the velocity amplitudes initially had lower values than the values of the velocity amplitudes in the mainstream region area, as well as compared to the regions R1 and R2 on the plane of symmetry, but afterward, these amplitude values restored their strength, starting from a distance of 2.3 r ≈ 4.0 cm up to 3.6 r ≈ 6.3 cm. This led to the amplitudes being reduced to the end of the plane sheet. A possible reason for the velocity amplitude decrease followed by an increasing trend is due to the deflection of the streamlines with the body of the duct inhibiting the propeller, and this was raised to the height of h ≈ d/2. After the deflection zone, the streamlines converged toward the wake region, thus giving rise to the amplitudes of the velocity fluctuations.



It was observed that in all given hydrodynamic operating conditions, there were multiple mixing zones that inhibited the extent of good mixing. These mixing zones prevailed over different sizes of area patches, which in the present research project were measured by using color recognition and pixel-counting Matlab-based code. It was observed that in each phase of experimentation, there was a virtual cover based on the void fraction of the swirling steam spread and the surroundings of the duct inhibiting the propeller. The area stretch of this virtual cover was defined based on the colored pixels recorded on an experimental and theoretical CFD basis. The area of this virtual cover had a weak relationship with the total area of the region inhibiting the perfect mixing. The area of such a virtual cover under all hydrodynamic operating conditions is shown in Figure 6.



The relationship of the area of virtual cover with the area of perfect mixing can be represented by an analytical relation, as shown in Equation (7).


    A   V i r t u a l   C o v e r   =   r   2         1 +   A   i , m i x i n g   z o n e         p   ′      
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where,     A   V i r t u a l   C o v e r     is the area of the virtual cover,     r   2     = 0.875 cm,   i   is experimentally or CFD based,     A   i , m i x i n g   z o n e     is the area under the influence of perfect mixing (either experimentally or theoretically based), and     p   ′     is the power factor (~1.03). With increasing inlet pressure of steam, it was observed that along the plane of symmetry, a proportional rise to the area under the influence of virtual cover resulted. Also, it was observed that with increasing RPM, the area along the plane of symmetry showed a decreasing trend. This may be attributed to the effect of vertical lift acting on the swirling steam jet. In addition, close similarity was observed between the experimental and CFD studies, under operating conditions (Psteam = 2 bars, Pwater = 1 bar), in terms of the total area of the virtual cover surrounding the exit of the duct, which may be associated with the higher degree of vertical lift action by the swirling steam on the cross-flowing water.




3.2. Effect of Mixing on the Stability of Swirling Steam–Water Cross-Flows


Swirling steam was injected into cross-flowing water. It was found that the swirling steam mixed with the cross-flowing water, which resulted in the formation of multiple regions surrounding the swirling steam, and the flow phenomena within these regions tended to be complex. However, before discussing the effect of the mixing on the stability in the flow domain, there is a need to discuss some norms from the cited literature, based on which the analysis of the flow domain for its stability can become easier task.



The radius of curvature was taken as positive when the jet was bending outward or upward and considered negative when the jet was bending inward or downward [2]. Thus, based on this observation, the plane of symmetry around the swirling steam jet exit was divided into four regions, as shown in Figure 7a. In addition, the stability of the flow domain could be defined based on the velocity variation trends inside the fluid domain. If the velocity decreases in the direction of the radius of curvature, it shows that the flow domain tends towards instability. But when the velocity increases in the direction of the radius of curvature, then the flow domain tends toward stability in that region [2]. The area at the exit of the duct was divided into small area elements dA/dx, as shown in Figure 7b. The dotted arrows indicate the radius of curvature, whereas the dotted circles indicate acceleration, dissipation and retardation.



On the plane of symmetry, the behavior of the velocity profiles seems strongly dependent on this small area dA/dx variation across the exit of the steam duct. It was observed that the value of the dA/dx shifted from positive to negative across the duct exit. This imparts an effect on the velocity profiles along the plane of symmetry, which can be realized upon the distribution of the perfect mixing zones, as shown in Figure 5. Under all operating conditions initially, this gradient of area element, where blocking the cross-stream flow resulted in deacceleration, subsequently diverted it along the radial direction on both sides of the duct and accelerated it in the downward direction around the jet, eventually dissipating in the far-off fluid domain along the axial direction, as shown in Figure 5. The stability plot based on the experimental data across the plane of symmetry is shown in Figure 7c.



It was observed that the stability profiles follow the criteria set for the flow stability in the cited literature [2], where the accelerating flows in the direction of the radius of curvature contribute to a stable flow, and the retarding flows contribute to the flow instabilities. It should also be noted that the flow stability had similar values in the surroundings of the steam jet exit duct as well as in the downstream part of the flow domain across the plane sheet. S ≈ (∂V/∂x)/(∂U/∂y) provides a measure of the rotational intensity of the steam swirl. Relatively smaller values of dA/dx point toward an unstable region, and larger values point toward an unstable uniform region.



The rotational intensity of the swirl is determined by determining the strength of the swirl, which is defined as the ratio of the axial flux of angular momentum to the axial flux of axial momentum. The rotational intensity of the swirl, S, is expressed mathematically as,


    S   R   =     G   ω       G   x   R   =   2 π ρ   ∫  0   R      r   2     v   u     v   w   d r     2 π ρ   R   o     ∫  0   R    r   v   u   2   d r      
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where     G   ω     is the axial flux of linear momentum,     G   x     is the axial flux of angular momentum, R is the radius of the pipe through which the steam was injected, and     v   u     and     v   w     are the axial and tangential velocities.



The first two protrusions around the swirling steam exit duct may be attributed to the bending over the mainstream of water due to the virtual cover around the swirling steam jet exit duct where the flow accelerates. Another contribution may be due to the velocity fluctuations that are due to the inception and collapse of the steam bubbles, as shown in Figure 7c. The last two protrusions are due to the contribution of the inward bending of the surrounding fluids; thus, after the wake region, the inward flow contributes to the velocity of the flow, which provides more stable flow within the regions, as shown by Figure 7c. The flow in the leeward region was found to be more stable, which indicates the dominant role of the inward deflecting flow on the flow stability. The stability had a higher value on the left side than the right-hand side in the leeward section. The possible reason may be the head-on collision of the steam wave accompanied by the swirler fin. This results in more blockage by the virtual cover on the left-hand side than the right-hand side within the vicinity of the nozzle, which eventually converges with surrounding water at higher speed on the left-hand side of the leeward section than the right-hand side.



On the right-hand side, the fin almost supports the flowing water direction; thus, the two protrusions are large enough but have comparable sizes. The presence of flow instabilities is essential for the proper mixing of the two fluids if these interact with each other in such a manner that one fluid exerts a shearing effect upon the other one. The mixing will occur under the effect of a highly time-driven sequence of small-scale instabilities, whose strength depends on the structure of the shear layers. For this reason, on the plane of symmetry, the stability has lower values in the regions where the shear layers act in a more dominant way, thus generating retardation due to the blockage by the swirling steam in the adjacent windward quadrants, and their curvatures have positive values (Figure 7b). The downstream area and surroundings of the swirling steam jet in the duct showed no protrusions; thus, regions with unstable flow domains, due to the highly time-driven sequence of small-scale instabilities, promote proper mixing [2]. Overall, the total flow patches under the influence of stability protrusions, fulfilling all hydrodynamic conditions, can be seen in Figure 7d. The experimental results shown in Figure 7d are reproducible with varying errors depending upon the accuracy of the experimental setup. In the present setup, the errors in Figure 7d range from 3 to 8%.



With increasing RPM at fixed operating inlet pressure, a decreasing trend toward instability occurred in the fluid domain across the plane sheet, and hence, a growing tendency toward proper mixing, which was governed and influenced dominantly by the small-scale instabilities, whereas overall, the variations in operating conditions had more than twice the effect on the area under the influence of these stability protrusions. Thus, an overall rise in inlet pressure contributed to improper mixing, whereas a rise in the RPM contributed to proper mixing.




3.3. Effect of Spatial Scaling of Swirling Steam Trajectory on Mixing in Cross-Flows


The swirling steam was injected into the cross-flowing water at varying inlet steam gauge pressures in the range of 1–3 bars and at a constant inlet gauge pressure of 1 bar of water. To examine the effect of the mixing on the spatial scaling of the swirling steam trajectory inside the cross-flowing water along the horizontal and vertical planes, the velocity data gathered by the HFA sensors were analyzed. It should be noted that in the current phase of experimentation, we had a total of 60 million data points (spatial resolution ~50 mm), which were collected for each sensor along the horizontal as well as vertical directions. The jet trajectory along the horizontal and vertical planes was based on the windward and leeward jet trajectory lines, as shown in Figure 8a. It should be noted that the windward and leeward boundaries were drawn based on the time-averaged velocity values at 0.5 cm each. In previous studies [2], different scaling methods were adopted, with the majority of the time scaling relying on the parameters stated as rd and r2d (  r =          ρ   i     v   s t e a m       ρ   i     v   w a t e r       , d is the diameter of the steam duct exit).



In the present case, the jet trajectory was scaled by using the same methodology as adopted in the cited literature [2,3,5,11,23], first by calculating the height at which the jet remained vertical and after that point deflected to the right-hand direction. If it is considered that the steam exit has a diameter, d, and height, h, to the point that it remains vertical, the pressure gradient can be computed using the relation expressed as,


    ρ   w a t e r   d   ∫  0   h      v   w a t e r   2     d y  



(9)







The vertical momentum flux in the present case can be given as,


    ρ   s t e a m     ∫  A   1      v   s t e a m   d A    



(10)







Now the deflection of the steam jet under the influence of the cross-flowing water can be valid if the vertically acting momentum flux is comparable to the pressure gradient along the axial direction. This condition is given by the relation,


    ρ   w a t e r   d   ∫  0   h      v   w a t e r   2     d y =   C   m     ρ   s t e a m     ∫  A   1      v   s t e a m   d A    



(11)




where     C   m     (in the present case ≈ 0.017) is the constant of proportionality. Now, if the velocity of the steam jet has been presented in terms of the effective diameter     d   s t e a m   j e t    , which is the diameter of the jet, density of steam jet     ρ   s t e a m    , and time-averaged velocity of the steam jet       v  ¯    s t e a m   ,   the relation is given as,


    ρ   s t e a m     ∫  A       v   s t e a m   d A =   π   d   s t e a m   2     4     ρ   s t e a m       v  ¯    s t e a m   2      



(12)







Now, in the present case, where an effective diameter     d   j      has been calculated as       d   s t e a m     d   ≈    1–1.09, under all operating conditions, the effective diameter allows us to compare the jet trajectories under all operating conditions having the same values of   r d   but different velocities. Simplifying Equations (11) and (12) results in the following,


    ∫  0   h    d         v   w a t e r       v   f r e e   s t r e a m         2     d y =   C   m       π r   2       π   d   s t e a m   2     4    



(13)







Thus, from Equation (13), it is inferred that when the value of r is raised (in the present case by raising the inlet pressure of steam) on the right-hand side, the value of   “ h ”   will be raised also, to satisfy Equation (13), and thus, on physical grounds, the swirling steam jet will deflect to the right-hand side after gaining some penetration/vertical lift, which is denoted by   “ h ”  . It was observed that the rise in the RPM (60–300) contributed to the rise in the vertical penetration of the jet (15–19%). The penetration depth bears a relationship [6] with the hydraulic diameter of the steam duct exit as well as with the ratio r, expressed as,


   f o r   h ≤   δ w + δ L   ≈   d   s t e a m                h   d   =       3   4     C   m     π r   2       δ w + δ L     d   s t e a m   2     4         1   3       



(14)







In our case, this condition was approximately satisfied with the value of   h   when it is lower than the value of     d   s t e a m   ≈   δ w + δ L     at RPM = 60 and 120 and Psteam, Pwater = 1 bar each. For higher values, the relation is given as,


   f o r   h ≥   δ w + δ L        h   d   =   2   3       δ w + δ L     d   +   π   4     C   m     r   2       d   s t e a m   2       d   2       



(15)







This condition was approximately satisfied under the rest of the operating conditions (RPM = 180–300, Psteam = 2 and 3 bars, and Pwater = 1 bar). By parameterizing the axis using the same scaling technique as proposed in the cited literature [6], i.e., scaling of the axial and radial axes by rd = rdsteam (dsteam =   δ w + δ L )  , the velocity distribution was obtained along the vertical plane, as shown in Figure 8b. Using the scaled axis, the vertical trajectories of the velocities were collapsed into a tick strip composed of the velocity trajectories of the vertical jet along the vertical plane at all operating conditions, as shown in Figure 8c. As the values of the proportionality constant,     C   m     and the penetration depth   h   were obtained from experiments. Upon further adjustment, i.e., scaling by r2d with the corrected value of r, i.e.,     r   c     = 0.16–0.31 (for all operating conditions) for the vertical steam jet trajectory scaling, the velocity profiles collapsed nearer to each other, as shown in Figure 8d. It was observed that the amended value of r is well suited for scaling the vertical trajectories of the swirling steam jet in cross-flowing water.



The scaling imparts a proportional effect on the calculated area under the effect of the perfect mixing. Although the vertical swirling impingement of the steam jet tried to recover the pressure loss at the steam duct exit with the help of the swirler, after the onset of the impingement, an irrecoverable loss of pressure, and hence, the kinetic energy inside the cross-flowing water, was observed [6,24]. It was observed that, based on the velocity points that represent the regions for perfect mixing, the scaling of the vertical trajectories of the swirling steam jets under all operating conditions merged the regions of perfect mixing to some extent. Thus, it was observed that by scaling the trajectories along the vertical plane, the area under the influence of perfect mixing was reduced to around 3–4.7% under all operating conditions. This method could be helpful for a number of flow-related studies involved in chemical and environmental fluid mechanics, where a large area needs to be studied. As in the environmental engineering domain, we can compare the different injection mechanisms of the brine from desalination plants inside flowing water reservoirs as the improper mixing of the brine, resulting in higher salinity near the brine exit into the flowing water [5]. Thus, our observed flow domain size, as well as characterization requirements, would be reduced to inlet pressure/velocity of the brine and the resulting area under the influence of perfect mixing only, whereas in such cases, the discerning factor would be the relative concentration of salts inside the domain under observation.





4. Conclusions


In the present study, theoretical and experimental research was conducted to investigate the effect of the mixing of a swirling steam jet into cross-flowing water. Steam was injected into cross-flowing water at varying steam inlet pressures, i.e., Psteam = 1–3 bars, and RPM = 60–300, through a vertical duct using a swirler whose RPM was controlled by using an external motor. A plane of symmetry comprising LM35 temperature sensors and an array of hot-film anemometers was used for the characterization of the fluid domain. Based on the theoretical adiabatic calculations, perfect mixing was calculated for a temperature range of 57.5–74.50 C. Overall, by varying Psteam = 1–3 bar, Pwater = 1 bar, and RPM = 60–300, a 97% (on experimental basis) and 85% (on theoretical basis) increase in the area under the influence of perfect adiabatic mixing was calculated. It was observed that there is a virtual cover based on the steam void fraction on and in the surroundings of the duct inhibiting the propeller. The area of this virtual cover has a weak relationship with the total area of the region inhibiting the perfect mixing, for which an analytical relationship was devised. The effect of mixing on the stability of swirling steam–water cross-flows was also investigated. It was observed that the stability profiles followed the criteria as set for the flow stability in previous studies, where the accelerating flows in the direction of the radius of curvature contributed to a stable flow and the retarding flows contributed to flow instabilities. Overall, the variations in the operating conditions yielded more than twice the effect on the area under the influence of these stability protrusions. Thus, an overall rise in inlet pressure contributed to improper mixing, and a rise in RPM contributed to proper mixing. The effect of spatial scaling of the swirling steam trajectory on mixing in cross-flowing water was also investigated. It was observed that the scaling of the vertical trajectories of the swirling steam jets under all operating conditions merged the regions of perfect mixing to some extent. Thus, the area under the influence of perfect mixing was reduced to around 3–4.7% under all operating conditions with the scaling of the jet trajectories.
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Appendix A




	Symbol
	Details



	   ρ   
	local density (Kg/m3)



	     P   i n     
	Pressure at the inlet (Pa or Bar)



	     P   o u t     
	Pressure at the outlet (Pa or Bar)



	   v   
	Velocity (m/s)



	     v   a v g     
	Average velocity (m/s)



	   g   
	Acceleration due to gravity ((m/s2)



	   h   
	Height (m)



	       m  ˙    w a t e r     
	Mass flow rate of water (Kg/m2-s)



	     T   w a t e r     
	Temperature of water (°C)



	       m  ˙    s t e a m     
	Mass flow rate of steam (Kg/m2-s)



	     T   s t e a m     
	Temperature of steam (°C)



	     v   o u t     
	Velocity at the outlet (m/s)



	       V   i    ˙    
	Volumetric flow rate (Kg/m3-s)



	   R   
	Universal gas constant (J/K/mole)



	   Psteam   
	Pressure of steam (Pa or Bar)



	   Pwater   
	Pressure of water (Pa or Bar)



	rpm
	Revolution per minute (n/s)



	     A   V i r t u a l C o v e r     
	Area of the virtual cover (m2)



	     A   i , m i x i n g z o n e     
	Area under the influence of perfect mixing (m2)



	   dA / dx   
	Area variation (m2/m)



	   S   ≈   ( ∂ V / ∂ x ) / ( ∂ U / ∂ y )   
	rotational intensity of the steam swirl (m2/s2)



	     G   ω     
	Axial flux of linear momentum (kg-m2/s)



	     G   x     
	Axial flux of angular momentum (kg-m2/s)



	   R   
	Radius (m)



	     v   u     
	Axial velocities (m/s)



	     v   w     
	Tangential velocities (m/s)



	     C   m     
	Constant of proportionality
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Figure 1. A schematic of (a) the flow rig and (b) complete experimental rig. 
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Figure 2. Plane sheet for temperature sensors. 
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Figure 3. Temperature distribution by color contours of each sensor. 






Figure 3. Temperature distribution by color contours of each sensor.
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Figure 4. (a) Experimental and CFD temperatures. (b) Area under perfect mixing between steam contours and water at varying conditions. Error bar has more length at elevated steam pressure due to fluctuating nature of the flow. 
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Figure 5. Experimental and CFD-based temperature profiles showing regions of perfect mixing and experimentally based time-averaged velocity amplitudes in swirling steam–water cross-flows across orthogonal planes (aspect ratios equated for experimental and CFD study-based planes). 
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Figure 6. Area of virtual cover under the influence of varying operating conditions. 
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Figure 7. (a) Radius of curvature, acceleration and retardation potential areas (bottom-right), (b) small area elements dA/dx segmentation (bottom-right), and (c) experimental data-based stability profiles across the plane of symmetry (top-left). (d) Area under the influence of stability protrusions. Error bar has more length at elevated steam pressure due to fluctuating nature of the flow. 






Figure 7. (a) Radius of curvature, acceleration and retardation potential areas (bottom-right), (b) small area elements dA/dx segmentation (bottom-right), and (c) experimental data-based stability profiles across the plane of symmetry (top-left). (d) Area under the influence of stability protrusions. Error bar has more length at elevated steam pressure due to fluctuating nature of the flow.
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Figure 8. (a) Experimental time-averaged velocity contours. Velocity distribution along (b) the vertical plane and (c) the vertical plane after scaling. 
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Table 1. Operating conditions.






Table 1. Operating conditions.





	Experimentation Phases
	Inlet Pressure of Steam (Bars)
	Inlet Pressure of Water (Bars)
	Rpm of the Propeller (rpm)
	Sampling Rate (Samples/Distance Element/Time)





	1
	1
	1
	60–300
	5000/0.1 cm/s



	2
	2
	1
	60–300
	5000/0.1 cm/s



	3
	3
	1
	60–300
	5000/0.1 cm/s










 





Table 2. Boundary conditions and details of the models used.






Table 2. Boundary conditions and details of the models used.





	
Phase

	
Density

(kg/m3)

	
Dynamic Viscosity

((Pa s, N s/m2) × 10−3)

	
Kinematic

Viscosity ((m2/s)

× 10−6)

	
Young’s Modulus

(GPa)

	
Poisson’s Ratio

	
Pressure (Bars)

	
Temperature (°C)

	
Ultimate Tensile Strength (MPa)






	
Water

	
Constant value taken from Fluent data base

	
0.798–0.467

	
0.801–0.475

	
-

	
-

	
Outlet pressure = atmospheric pressure

	
15 °C

	
-




	
Steam

	
Calculated by using the User Defined Function (UDF)

	
Fluent data base

	
Fluent data base

	
-

	
-

	
Nozzle Inlet = 1–3 bars

	
100–134 °C [18]

	
-




	
Model

	
Solver: Pressure-based

Formulation: Implicit




	
Multiphase model

	
Scheme: Euler 2 Phase

Viscous Model: k-epsilon 2 equations

k-epsilon: Realizable

	
Near wall treatment: Standard wall function

k-epsilon multiphase model: Mixture




	
Drag

	
Steam–water: Symmetric

Heat: Ranz–Marshall

Mass transfer: determined by User Defined Function (DCC model)

Under relaxation factor: 0.1

Pressure–velocity coupling: Phase-coupled SIMPLE

Discretization: First-order upwind




	
Multigrid control

	
Cycle type: F- Cycle

Termination restriction: 0.1

AGM method stabilization method: Aggregative-BCGSTAB

Convergence criteria: 1 × 10−5




	
Direction of pressure specification method: Normal to the boundary

	
Turbulence specification method: k-epsilon
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