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Abstract

:

The dynamics of the coherent structures in a turbulent three-dimensional wall jet with an exit Reynolds number of 250,000 were investigated using the Snapshot Proper Orthogonal Decomposition (POD). A low-dimensional reconstruction using the first 10 POD modes indicates that the turbulent flow is dominated by streamwise vortex structures that grow in size and relative strength, and that are often accompanied by strong lateral sweeps of fluid across the wall. This causes an increase in the bulging and distortions of streamwise velocity contours as the flow evolves downstream. The instantaneous streamwise vorticity computed from the reconstructed instantaneous velocities has a high level of vorticity associated with these outer streamwise vortex structures, but often has a persistent pair of counter-rotating regions located close to the wall on either side of the jet centerline. A model of the coherent structures in the wall jet is presented. In this model, streamwise vortex structures are produced in the near-field by the breakdown of vortex rings formed at the jet outlet. Separate structures are associated with the near-wall streamwise vorticity. As the flow evolves downstream, the inner near-wall structures tilt outward, while the outer streamwise structures amalgamate to form larger streamwise asymmetric structures. In all cases, these streamwise vortex structures tend to cause large lateral velocity sweeps in the intermediate and far-field regions of the three-dimensional wall jet. Further, these structures meander laterally across the jet, causing a strongly intermittent jet flow.
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1. Introduction


Wall jets are a unique and challenging flow to study because the outer layer behaves similarly to a free jet, while closer to the wall, the flow behaves more like a boundary layer. Three-dimensional wall jets are created when a fluid exits from a finite-width opening and develops tangentially along a wall, as shown in Figure 1. One of the most notable features of the three-dimensional wall jet is that the lateral half-width is five to eight times greater than the vertical half-width normal to the wall in the far-field [1,2,3,4,5]. While the cause of such behavior in three-dimensional wall jets is not fully understood, it is known to be caused by the presence of strong mean secondary flows [1]. However, the link between the mean secondary flow (the mean streamwise vorticity) and the unsteady streamwise vorticity associated with coherent structures in the jet is not clear.



Previous researchers like George [6], Glauser [7], Citriniti [8], Citriniti and George [9], Jung et al. [10], and Iqbal and Thomas [11], amongst others, have demonstrated the effectiveness of the Proper Orthogonal Decomposition (POD) technique in extracting coherent structures by applying it to round jets. Using the first few modes, they showed that the POD-filtered reconstructed velocities were able to capture the dynamics and interactions of large-scale structures at different downstream locations. In particular, Citriniti and George [9] were able to observe a pattern in which the coherent ring near the potential core ejects fluid in a volcano-like eruption. Similarly, the coherent structures in three-dimensional wall jets have been the focus of several studies. For example, Matsuda et al. [12] suggested that the mean streamwise vorticity in the wall jet was associated with the passage of horseshoe-like structures formed in the outer shear layer due to the shearing of the mean jet flow with the ambient fluid. Later, using two-point hot-wire measurements in the near-field, Ewing and Pollard [13] found evidence of smaller horseshoe structures close to the wall, near the jet centerline, and proposed that these structures were linked to the larger outer structures proposed by Matsuda et al. [12]. Sun and Ewing [14] expanded the study of Ewing and Pollard [13] and showed that the large outer vortex structures tended to incline while the outer leg of these structures tended to tilt as the flow evolved downstream. This behavior was thought to cause an effective means by which to drive the flow laterally outward along the wall, thus producing the large lateral growth of the wall jet. Similarly, Hall and Ewing [15] used the POD technique on an unsteady wall pressure field measured across a three-dimensional wall jet formed using a long rectangular channel. They noted that the pressure field was rarely symmetric and that there seemed to be two types of structures in the flow—a larger outer structure associated with the outer shear layers and a second, smaller, but energetic structure located near the wall at the center of the jet. Using a spectral linear stochastic estimation (LSE) technique, Hall and Ewing [16] estimated the instantaneous turbulent velocity field from the unsteady wall pressure measurements and determined that there were large horseshoe structures in the flow, consistently with previous investigations, but showed that these structures were primarily asymmetric with respect to the jet centerline. Further, they argued that the passage of these structures was linked to a side-to-side meandering of the wall jet, which, in turn, caused large and strong lateral sweeps of fluid.



Later, Namgyal and Hall [17] used stereoscopic particle image velocimetry (PIV) measurements to examine the vortex structures formed in the near-field of the wall jet at   x / D = 5  . They performed measurements in the cross-flow plane so as to be able to measure the instantaneous streamwise vorticity in the wall jet. Using a five-POD-mode reconstruction, they found that there were streamwise structures formed in the outer shear layer of the jet that appeared similar to those formed in the near-field of free jets, which are commonly associated with azimuthal modes 5 and 6. The locations of these regions of streamwise vorticity were free to wander around the periphery of the jet at various instants, but did not contribute to the mean streamwise vorticity. There were, however, two pairs of regions of instantaneous counter-rotating streamwise vorticity that were located near the wall, which did not vary its positions appreciably in time; these vortices did contribute to the mean streamwise vorticity and, thus, the mean secondary flow in the jet. From this, Namgyal and Hall [17] proposed that there were two different types of structures in the near-field of the wall jet—long near-wall streamwise structures near the wall that do not wander significantly and streamwise structures in the outer region that are long and do wander. The notion that the near-wall structures contribute the most to the lateral growth of the wall jet is consistent with the findings of Namgyal and Hall [18], who found that the magnitude of the differences of the cross-flow normal Reynolds stresses was the largest near the wall, and argued that it was likely the spatial gradients of these terms that contributed primarily to the turbulent-generated secondary flow in the jet.



Most of the previous studies on wall jets had suggested the evidence of two types of horseshoe structures in the flow—a large outer structure associated with the outer shear layers and a second, smaller, but energetic structure located near the wall at the center of the jet. While the locations of these large outer structures were free to wander around the periphery of the jet, they did not contribute to the mean streamwise vorticity. However, the two pairs of counter-rotating structures that were located near the wall, which did not seems to vary its position, did contribute to the mean streamwise vorticity and, thus, the mean secondary flow in the jet.



While most of the previous studies have focused only on the near-field of the wall jet, not much is known about how these structures behave and contribute to the large lateral growth of the wall jet beyond the near-field. Further, it is also known that the large lateral growth of the jet does not begin until the intermediate field (  x / D > 10  ) of the jet. Therefore, the current work builds upon Namgyal and Hall’s [17] study, which focused only on the near-field of a wall jet by extending their measurements downstream from the near-field throughout the intermediate-field of the jet, from   x / D   = 5 to 30.




2. Experimental Setup


A schematic of a three-dimensional wall jet issuing from a contoured nozzle is shown in Figure 1a, while an arrangement of a laser and cameras is shown in Figure 1b. The Reynolds number at the exit of the jet was set to 250,000. A detailed description of experimental setup can be found in Namgyal and Hall [17].



In order to have statistically converged data, the following numbers of independent pairs of images were taken at various downstream locations: 3000 image pairs up to   x / D = 15  , 4500 at   x / D = 20  , and 5100 at   x / D = 30  . As each vector field could be considered to be statistically independent due to time lag, the uncertainties due to sampling in mean streamwise velocity at a 95% confidence level at the center of the jet at   y  m a x    and   y  1 / 2    were determined to be 0.14% to 0.71% and 1.04% to 1.48%, respectively. More details on the uncertainty can be found in Namgyal [19]. Here, x, y, and z are the streamwise, wall-normal, and lateral coordinates, respectively. D is the diameter of the nozzle exit, while   y  m a x    is the height of   U  m a x    (maximum mean streamwise velocity), and   y  1 / 2    and   z  1 / 2    are the vertical and lateral half-widths corresponding to half of   U  m a x   .




3. Experimental Results


POD is a useful technique for extracting energetically dominant modes in a flow by representing a data set as an optimal set of orthogonal basis functions. Using only the first several modes, a low-dimensional, spatially filtered flow-field can be obtained. POD has been widely used for identifying the coherent structures in turbulent flows [7,9,20,21,22,23] and has been previously used by Agelinchaab and Tachie [24] to examine the organization of a three-dimensional wall jet using PIV measurements on the jet centerline. The dense vector fields produced by modern PIV systems are typically handled using the snapshot POD technique proposed by Sirovich [25]. In the present investigation, the snapshot POD was applied to all three components of the stereoscopic PIV data following the method described by Meyer et al. [26], where the autocovariance matrix,   C ˜  , is computed from the fluctuating velocity matrix,   U ′  , as


   C ˜  =  U  ′ T    U ′   



(1)




which leads to the corresponding eigenvalue problem:


   C ˜   A i  =  λ i   A i   



(2)




where   A i   indicates the eigenvectors corresponding to eigenvalues,   λ i  . The computed eigenvalues are then arranged according to the size as


   λ 1  >  λ 2  > ⋯ >  λ N  = 0  



(3)




where N is the number of snapshots. The eigenvectors of Equation (2) make up a basis for constructing the POD modes,   ϕ i  ,


   ϕ i  =    ∑  n = 1  N   A  n  i   u n     ∑  n = 1  N   A  n  i   u n    ,   i = 1 , ⋯ ⋯ , N  



(4)




where   A  n  i   is the   n ′  th component of the eigenvector corresponding to   λ i   from Equation (2), and the discrete–norm is defined as


   y  =    y  1  2  +  y  2  2  + ⋯ +  y N 2     



(5)




where vector   y = (  y 1  ,  y 2  ,  y 3  . . . . .  y N  )  . With the POD modes arranged as   Ψ = [  ϕ 1    ϕ 2   ⋯   ϕ n  ]  , the POD coefficients,   a n  , are computed by projecting the fluctuating part of the velocity,   u n  , onto the POD modes as


   a n  =  Ψ T   u n   



(6)







The fluctuating part of the snapshot can then be reconstructed as


   u n  =  ∑  i = 1  N   a  i  n   ϕ i  = Ψ  a n   



(7)




and, by using only the first few modes, a low-dimensional spatially filtered flow-field can be obtained.



In order to ensure that the POD was adequately resolved, 3000 snapshots were used in the present analysis, which is significantly greater than the number of snapshots used in previous studies. For example, Meyer et al. [26] had excellent results using 1000 snapshots in their analysis of a turbulent jet in cross-flow, whereas Agelinchaab and Tachie [24] used 1600 snapshots on the centerline of a three-dimensional wall jet. Since the wall jet development is not axisymmetric due to the presence of the wall, the POD was applied directly on the Cartesian grid produced by the PIV system and not an axisymmetric coordinate system, as is normally performed in free jets [9,22,23]. The energy,   E k  , associated with each POD mode


   E k  =  λ k   



(8)




and the distribution of the cumulative energy,   E c  , in the first N modes are computed as


   E c  =    ∑  k = 1  N   λ k     ∑  k = 1  ∞   λ k     



(9)







The energy contained in each POD mode along with the cumulative energy from   x / D = 5   to 30 is shown in Figure 2. The associated turbulent kinetic energy in the first 10 modes at the various streamwise locations is also listed in Table 1. The turbulent kinetic energy captured by the first POD mode in the region from   5 ≤ x / D ≤ 30   contains 3.45% to 6.11% of the total turbulent energy. These results are in line with those of Agelinchaab and Tachie [24], who captured 2.4% of the total turbulent energy in the first POD mode in the developing region   ( 12 ≤ x / D ≤ 24 )   and 16.6% in the self-similar region   ( 60 ≤ x / D ≤ 72 )   of a three-dimensional wall jet.



As the jet evolves downstream, the energy captured by the first POD mode increases up to   x / D = 20  ; the cumulative energy in the first 10 modes also increases from 26.49% at   x / D = 5   to 30.95% at   x / D = 15  ; both of these suggest that the jet becomes more organized as the jet evolves downstream. This may partially be the result of the rectilinear POD needing more modes to capture the smaller but energetic structures in the near-field shear layer, which are commonly associated with   m = 5   and 6 azimuthal Fourier modes in free jets, as discussed by Namgyal and Hall [17]. As these structures are expected to break down in the intermediate field, fewer modes are thus required to capture the large flow features. As the flow further evolves downstream to   x / D = 30  , there is a slight decrease in the energy contained in both the first mode and in the first 10 modes. This may signify that a change in wall jet development occurs between   x / D = 20   and 30.



The shapes of the first and second POD modes at each streamwise measurement location are compared in Figure 3. More details on the first 10 POD mode shapes for various streamwise measurement locations can be found in Namgyal [19]. Here, the contours represent the instantaneous streamwise velocity component of the POD mode, and the vectors represent the instantaneous normal and lateral velocity components. In each case, the vertical and horizontal coordinates have been normalized by their respective half-widths. From   x / D = 5   up to   x / D = 15  , the streamwise velocity component associated with the first POD mode shape has two dominant regions with opposite signs located on either side of the jet centerline, which indicates that the modes are antisymmetric. Downstream at   x / D = 20  , the antisymmetry starts to change, and by   x / D = 30  , the mode shapes have become symmetric. In all cases, the symmetric modes are associated with the persistence of a large streamwise vortex structure that is oriented to produce strong lateral sweeps across the jet. Note that as these are mode shapes, the time history of the modes causes the signs to reverse, which produces the lateral velocity sweeps in both directions.



The contours of the streamwise velocity associated with the second POD mode at   x / D = 5   initially have four regions of oppositely signed streamwise velocity (Figure 3b). The corresponding vector field indicates that these are also related to streamwise vortex structures on either side of the jet centerline. In this case, these rotational flow patterns are oriented to induce a strong jet-like inflow of fluid from the upper left side and lower right side of the flow, as well as an outflow of fluid from the lower left side and the top outer right side of the jet. However, by   x / D = 10  , the contours of the streamwise velocity associated with the second POD mode have only three predominant regions, with a single large positive region at the center of the jet and smaller negative regions on either side of the jet centerline (Figure 3d). These mode shapes have two large vortex pairs located on either side of the jet centerline that are oriented to entrain air at the wall and eject it upward at the centerline, as well as the opposite: to entrain air downward and eject it laterally outward (consistently with the measurement of mean velocity normal to the wall (  V ¯  ) and mean lateral velocity (  W ¯  ) reported by Namgyal [19]). This behavior persists until   x / D = 15  , and by   x / D = 30  , the mode shapes have changed to be antisymmetric and look like the first POD modes at   x / D = 10   to 15. These results are consistent with the findings of Hall and Ewing [15,16], who computed the POD on the spanwise fluctuating wall pressure in the near-field of a three-dimensional wall jet and found that the first mode was primarily antisymmetric; they then performed a POD-based spectral LSE and linked this mode to a side-to-side meandering of the jet that was accompanied by strong lateral velocity sweeps. They also found that the second mode was symmetric, but did note that sometimes, the first and second modes would alternate between symmetric and antisymmetric, as occurs here between   x / D = 10   and 30. This behavior may be linked to a subtle change in jet development and might also be related to the switching of the dominant turbulent production terms,   −   u v  ¯    ∂  U ¯    ∂ y     and   −   u w  ¯    ∂  U ¯    ∂ z    , at   x / D = 20  , as reported by Namgyal [19] and Namgyal and Hall [18].



To study the dynamics of the large-scale structures, a low-dimensional reconstruction of the instantaneous velocity field was performed. This has the effect of spatially filtering out the small-scale structures so that the dynamics of the large-scale structures in the wall jet can be examined. Contours of the actual and reconstructed instantaneous velocities using the first 5, 10, and 15 modes at a given instant are compared at   x / D = 20   in Figure 4. In particular, the reconstructed velocity contours show how effective the POD is at filtering out the small-scale eddies and clearly indicate that the reconstruction of the instantaneous velocity using the first 10 modes provides more information than the reconstructed instantaneous velocity using the first five modes. While reconstructed velocity using 15 modes has more information than using five modes, it does show similar features to those of the reconstruction with 10 modes.



In order to have a reasonable understanding of the flow, a 10-POD-mode reconstruction was selected for use at all measurement positions; note that this is unlike Namgyal and Hall [17], who used only five modes in the near-field of the jet. A low-dimensional reconstruction like this is a compromise; more modes would have allowed for more energy to be captured, but at the expense of having a “noisier” velocity field to examine. The corresponding percentages of the total turbulent energy captured by the first 10 POD modes for various streamwise locations in the jet are given in Table 1. At the very least, this reconstruction captures at least 26.49% of the turbulent kinetic energy. This compares well to reconstructions done in other studies in jets, like Pinier [22], who recovered 30% of the total energy using 12 modes, while Agelinchaab and Tachie [24] recovered 15% and 45% with the first 10 modes in the developing region   ( 12 ≤ x / D ≤ 24 )   and self-similar region   ( 60 ≤ x / D ≤ 72 )  , respectively.



The low-order reconstructions using the first 10 POD modes at several randomly selected and statistically independent instants for various streamwise locations are shown in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. In these figures, the contours in the left column show the instantaneous streamwise velocity, while the vector plots show the normal and lateral instantaneous velocities. In all cases, the mean was added back to the reconstructed velocity fields. The instantaneous streamwise vorticity computed from these reconstructed velocities (with the mean on) are displayed in the right column. In addition, both the mean streamwise velocity and mean streamwise vorticity are also included for comparison at the top of the columns. The distribution of mean velocity normal to the wall and mean lateral velocity can be found in Namgyal [19].



As discussed in more detail by Namgyal and Hall [17] (who only used five modes in their reconstruction), the contours of the mean flow significantly deviate from the contours of the reconstructed instantaneous streamwise velocity at   x / D = 5   (shown in Figure 5a), where the contours of the reconstructed instantaneous streamwise velocity have a depression on the lower left side and near the wall, as well as a bulging in the contours above on both sides of the jet centerline, which is caused by strong streamwise vortices that draw in ambient fluid on the left side and eject it outward from either side of the jet centerline. However, in all instances, the contours of instantaneous streamwise vorticity loosely correspond to these in-plane rotational flow regions. Since the flow field acquired by the Stereoscopic PIV system is not time resolved, the determination of the exact flow pattern or cycle is very difficult, although a similar pattern can be observed at the other instants where the depressions in the contours of the streamwise velocity are associated with the strong jets of fluid that are created by the presence of highly coherent streamwise vortex pairs. These jets are oriented to cause a strong sweep of fluid across the entire lateral span of the jet (i.e., Figure 5g,k,m) or oriented to eject the fluid outward from the center of the jet (i.e., Figure 5i), and, at times, they produce a rapid inflow of ambient fluid that is typically accompanied by strong lateral ejections of fluid (i.e., Figure 5c,e).



It is interesting to note that in all the reconstructions, the instantaneous streamwise vorticity has a pair of oppositely signed regions that persist near the wall, which are quite similar to the contours of mean streamwise vorticity. Away from the wall, both positive and negative regions of the instantaneous streamwise vorticity persist on both sides of the jet centerline between the snapshots; however, it seems that these regions essentially sum to zero in the mean sense and only the near-wall vorticity remains. This suggests that the streamwise vortex structures in the outer shear layer do not directly contribute to the near-wall vorticity. Furthermore, as these regions appear in a spatially filtered reconstruction, the persistence of these near-wall regions of streamwise vorticity is caused by relatively large-scale structures; this is consistent with the findings of Hall and Ewing [15,16], who argued that there were at least two types of coherent structures in the wall jet—a large one associated with the outer shear layers and smaller but energetic near-wall structures. These regions of near-wall vorticity may be tied to those energetic inner structures [17].



Moving downstream to   x / D = 10  , the distortion in the contours of the reconstructed streamwise velocity from the mean increases due to the rapid development of the turbulence, likely due to the upstream collapse of the potential core. The inflow of the ambient fluid from the outer regions is driven further into the center of the jet, causing large depressions in instantaneous streamwise velocity contours and a large bulging due to the outward ejection of the fluid, as shown in Figure 6a,g. At other instants, as shown in Figure 6c, a strong lateral sweep of fluid persists, causing the streamwise velocity contours to become strongly distorted to the left. Here too, at   x / D = 10  , the reconstructed instantaneous velocity field indicates that the rapid sweep and strong ejection of the fluids are accompanied by pairs of strong counter-rotating vortices away from the wall. Again, the near-wall vorticity oriented similarly to the mean seems to persist at each instant, regardless of the location of the vortices away from the wall; however, there is more variation in the magnitude and position of the near-wall streamwise vorticity than at   x / D = 5  .



By   x / D = 15  , not only does the distortion of the contours of streamwise velocity from the mean increase, but the highest instantaneous velocities now tend to occur closer to the wall (relative to the vertical half-width) than in the upstream measurements. In addition, the depressions in the contours of the instantaneous streamwise velocity are driven further inward, reaching almost into the center of the jet (i.e., Figure 7c,e,k). At other instants, the inflow is directed downward into the wall at the center, causing the jet to spread laterally across both sides of the jet centerline (i.e., Figure 7i,m). The regions of vorticity away from the wall are large and seem to vary randomly in position; again, these regions do not seem to contribute significantly to the mean vorticity. In general, there appear to be fewer regions of vorticity than at earlier positions, suggesting that the flow is becoming more low-dimensional, perhaps because the streamwise vortex structures are amalgamating. Although the tendency for the wall jet to become more low-dimensional as the flow develops downstream has not previously been noted, this behavior is well documented in free jets where the streamwise vortex structures associated with azimuthal modes 5 and 6 that persist in the near-field eventually merge, and azimuthal mode 1 dominates in the far-field [10,27,28]. The counter-rotating regions of near-wall vorticity on either side of the jet centerline tend to persist at every instant regardless of the position of the vortex structures away from the wall. The regions of counter-rotating vorticity formed outside of the lateral half-widths, in general, tend to resemble the mean streamwise vorticity, but are more irregular than those noted upstream.



Moving further downstream to   x / D = 20   and 30, there is a significant increase in the distortion of the streamwise velocity contours, which often causes the streamwise velocity contours to intermittently bisect (Figure 9a,e,k) or trisect (Figure 9m). In other instances, the contours of the instantaneous streamwise velocity are pushed down towards the wall due to the inflow of ambient fluid, causing a large spread laterally across the wall (i.e., Figure 8g at   x / D = 20   and Figure 9g,i at   x / D = 30  ). In all cases, the instantaneous velocity field confirms the persistence of strong streamwise vortices in the flow, with the size of these vortices increasing as the flow progresses downstream. These vortices are often oriented to cause a large lateral sweep across the jet or, in other instants, a rapid inflow of fluid from the outer regions followed by large ejection of flow to the opposite side of the jet. Rarely do the instantaneous contours seem to resemble the mean flow. Again, a persistence of near-wall vorticity that resembles the mean vorticity is observed. At each instant, there are regions of streamwise vorticity that loosely correspond to the mean vorticity, although at each instant, there is more variation in the location of this vorticity.



Structural Model


On the basis of the current results, a model of the coherent structures from the near-field to the intermediate field and beyond is shown in Figure 10. The coherent vortex rings formed at the jet exit develop instabilities that lead to the formation of coherent streamwise vortex pairs, similarly to the free jet, whereas the near-wall vorticity could be associated with a set of streamwise vortex pairs that are fixed into position due to the presence of the wall. However, this near-wall vorticity is linked to much longer persistent streamwise vortex structures, consistently with the findings of Hall and Ewing [15], who suggested that there were coherent structures associated with the outer shear layer and smaller but more energetic near-wall structures.



As the flow evolves downstream, the structures in the outer shear layers begin to amalgamate into larger streamwise vortex structures; this behavior is consistent with the free jet literature, as the energetic   m = 5   and 6 azimuthal modes are known to decay downstream of the potential core and give rise to larger antisymmetric turbulence structures, like the azimuthal mode   m = 1   [10,28,29,30]. These structures here have a long lower leg, which causes the persistence of the outer regions of streamwise vorticity in a manner similar to that suggested by Sun [3] and Matsuda et al. [12]. The structures in the intermediate field of the wall jet and beyond are antisymmetric more often than not, as observed by Vouros et al. [31] in the free rectangular jet, and the passage of this structure causes air to be entrained downward and ejected laterally outward to one side, consistently with earlier results [3,15].



Well into the intermediate and beyond, these structures are free to wander laterally across the jet, and this causes the jet flow to be highly intermittent,and sometimes causes the jet to be bisected or trisected. The legs of the trains of these structures intertwine to produce pairs of counter-rotating vorticity, which cause ambient fluid to be entrained and ejected laterally outward. The near-wall vortex structures formed near the jet centerline in the near-field of the wall jet likely persist into the intermediate and far-field. As the flow evolves downstream, the two outer near-wall vortex structures lift from the wall and amalgamate with the coherent streamwise structures produced by the vortex rings. This produces larger streamwise vortices in the jet that cause strong lateral sweeps of fluid. These structures are free to meander laterally from side to side, which, in turn, causes large intermittent deviations of the jet velocity from the mean. However, these near-wall vortex structures remain near the wall, but tilt laterally due to the strong mean lateral flows that produce the wide regions of near-wall vorticity noted at   x / D = 20   and 30. These structures may be sustained by the production of the near-wall vorticity due to gradients in the normal Reynolds stresses (    v 2  ¯  −   w 2  ¯   ), as discussed in Namgyal and Hall [18] and Namgyal [19]. The outer regions of near-wall vorticity produced outside of the lateral half-widths in the near-field lift up away from the wall and intertwine with the other streamwise vortex structures, causing large intermittent vortex structures away from the wall as the flow evolves downstream.





4. Concluding Remarks


The dynamics of the coherent structures in a three-dimensional wall jet were investigated using the Snapshot POD technique. The results indicate that a 10-POD-mode reconstruction of the turbulent velocity field is sufficient to extract the dynamics of the coherent structures in the jet. In all cases, the first 10 modes recovered no less than 26.49% of the total turbulent kinetic energy in the flow.



A low-order reconstruction of the instantaneous velocities using the first 10 POD modes indicates that the flow is dominated by streamwise vortex structures that grow in size as the flow evolves downstream. These vortices are oriented to cause strong depressions and bulging in the contours of the streamwise velocity, which are often accompanied by strong lateral sweeps of fluid across the wall. Further downstream, the relative size of the bulging and distortions in the streamwise velocity contours increases, as the fluid from the outer regions is driven deeper into the center of the jet, at times bisecting or trisecting the streamwise velocity contours. This behavior is integral to the large lateral spreading of three-dimensional wall jets and is likely associated with the meandering of the coherent structures in the jet.



The contours of the instantaneous streamwise vorticity computed from the low-dimensio-nal unsteady velocity field indicate strong regions of streamwise vorticity that persist in the outer region of the jet, away from the wall, which are associated with the streamwise vortex structures. In the near-field, the regions of vorticity away from the wall seem to have no direct contribution to the mean streamwise vorticity that persists near the wall. As the jet develops downstream, there are fewer regions of streamwise vorticity, indicating that the flow is becoming more low-dimensional, and regions of instantaneous vorticity that look similar to the mean persist at most instants.



A model for the coherent structures in a wall jet is proposed. Coherent vortex rings produced in the near-field of the wall jet develop instabilities that produce streamwise vortex structures in the outer shear layers. These structures are oriented to drive flow in and out of the potential core of the jet. Relatively long streamwise counter-rotating vortex structures are produced near the wall. As the flow evolves downstream, the two outer near-wall vortex structures lift from the wall and amalgamate with the coherent streamwise structures produced by the vortex rings. This produces larger streamwise vortices in the jet that cause strong lateral sweeps of fluid. These structures are free to meander laterally from side to side, which, in turn, causes large intermittent deviations of the jet velocity from the mean.
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Figure 1. (a) Experimental setup of a three-dimensional wall jet issuing from a contoured nozzle and (b) the laser and particle image velocimetry (PIV) camera arrangement in the experimental setup. 
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Figure 2. Relative and cumulative turbulent energy distribution in the Proper Orthogonal Decomposition (POD) eigenmodes at (a)   x / D = 5  , (b)   x / D = 10  , (c)   x / D = 15  , (d)   x / D = 20  , and (e)   x / D = 30  . 






Figure 2. Relative and cumulative turbulent energy distribution in the Proper Orthogonal Decomposition (POD) eigenmodes at (a)   x / D = 5  , (b)   x / D = 10  , (c)   x / D = 15  , (d)   x / D = 20  , and (e)   x / D = 30  .
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Figure 3. Comparison of the first and second POD eigenmodes: (a) and (b)   x / D = 5  , (c) and (d)   x / D = 10  , (e) and (f)   x / D = 15  , (g) and (h)   x / D = 20  , and (i) and (j)   x / D = 30  . 






Figure 3. Comparison of the first and second POD eigenmodes: (a) and (b)   x / D = 5  , (c) and (d)   x / D = 10  , (e) and (f)   x / D = 15  , (g) and (h)   x / D = 20  , and (i) and (j)   x / D = 30  .
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Figure 4. Comparison of POD reconstructions of the instantaneous velocities   ( m / s )   at   x / D = 20  : (a) and (b) Actual, (c) and (d) using the first five POD modes, (e) and (f) using the first 10 POD modes, and (g) and (h) using the first 15 POD modes. 
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Figure 5. POD reconstruction of the instantaneous velocity   ( m / s )   using the first 10 modes and the reconstructed instantaneous streamwise vorticity   ( 1 / s )   at   x / D = 5  . The mean streamwise velocity (normalized) and mean streamwise vorticity are shown in the first row. 
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Figure 6. POD reconstruction of the instantaneous velocity   ( m / s )   using the first 10 modes and the reconstructed instantaneous streamwise vorticity   ( 1 / s )   at   x / D = 10  . The mean streamwise velocity (normalized) and mean streamwise vorticity are shown in the first row. 
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Figure 7. POD reconstruction of the instantaneous velocity   ( m / s )   using the first 10 modes and the reconstructed instantaneous streamwise vorticity   ( 1 / s )   at   x / D = 15  . The mean streamwise velocity (normalized) and mean streamwise vorticity are shown in the first row. 
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Figure 8. POD reconstruction of the instantaneous velocity   ( m / s )   using the first 10 modes and the reconstructed instantaneous streamwise vorticity   ( 1 / s )   at   x / D = 20  . The mean streamwise velocity (normalized) and mean streamwise vorticity are shown in the first row. 
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Figure 9. POD reconstruction of the instantaneous velocity   ( m / s )   using the first 10 modes and the reconstructed instantaneous streamwise vorticity   ( 1 / s )   at   x / D = 30  . The mean streamwise velocity (normalized) and mean streamwise vorticity are shown in the first row. 
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Figure 10. Proposed structural model of the turbulent three-dimensional wall jet exiting from a contoured nozzle. 
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Table 1. Relative and cumulative turbulent energy content in the POD eigenmodes (%).
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	    x / D    
	1st
	2nd
	3rd
	4th
	5th
	6th
	7th
	8th
	9th
	10th
	Total





	5
	3.45
	3.17
	3.15
	3.02
	2.89
	2.75
	2.49
	2.18
	1.76
	1.63
	26.49



	10
	5.25
	4.44
	4.05
	3.51
	2.51
	2.17
	2.03
	1.92
	1.60
	1.58
	29.06



	15
	6.31
	5.99
	3.83
	3.35
	2.18
	2.07
	2.06
	1.87
	1.67
	1.62
	30.95



	20
	6.50
	6.19
	3.36
	3.14
	2.39
	2.22
	2.15
	1.72
	1.54
	1.49
	30.70



	30
	6.11
	5.61
	2.90
	2.77
	2.55
	2.39
	2.28
	1.62
	1.56
	1.53
	29.32
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