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The interaction of initially isolated jets arises in a wide range of engineering applications,
including cooling devices, combustors, and fuel injectors. Many previous investigations of such
applications have focused primarily on how the jet interactions affect time-averaged flow and
turbulence characteristics. However, the dynamical processes underlying these interactions
have remained largely unexplored, leading to potential uncertainty regarding the performance
and optimization of engineering systems. In this study, we explore interacting jet dynamics
through highly resolved simulations of two turbulent interacting slot jets. We use adaptive mesh
refinement to add resolution to the simulations only in the regions of interest. We perform
proper orthogonal decomposition and dynamic mode decomposition on the region where the
four shear layers associated with the initially separate jets merge and transition into a single
jet stream. These decompositions allow us to distinguish between the different types of vortex
shedding that occur, as well as to demonstrate the irregularity of the jet merging process.

I. Introduction

In a wide range of engineering and industrial systems, including aircraft engines, air curtains, ventilation systems,
fuel injection systems, and stationary gas turbine combustors, interactions between multiple flow streams are observed.
Optimization of such systems (for example, to increase efficiency or decrease pollutant formation in engines) critically
relies on understanding the role played by these interactions in the development of the flow. Moreover, in order to have
predictive simulation capabilities, the fundamental properties of the underlying fluid dynamical processes must be
accurately modeled.

The characteristics of axisymmetric, isothermal jets have been explored by a vast number of researchers, and Bayly
et al. [1] review some of the basic mechanisms that drive instability in free shear flows. The shear layers in a turbulent
jet often grow spatially through vortex pairing [2] before decaying into turbulence. Crow and Champagne [3] found a
preferred mode of oscillation for these vortices. Further downstream in this highly turbulent region, the jet exhibits
self-similar characteristics with respect to the flow width and the average centerline velocity, even if buoyancy plays a
role [4]. Much more discussion on this topic is given by Ball et al. [3].

In an effort to understand more practical systems, incorporating upstream turbulence is required to accurately
represent the development of jet seen in these systems. Hussain and Zedan [6] showed that increasing the perturbation
level of the boundary layer in an axisymmetric jet noticeably increases the initial shear layer width and growth. Adding
boundary layer turbulence also diminishes the vortex pairing process [7l]. To accurately simulate experiments with
highly turbulent inlets, many modeling strategies have been devised and show good agreement with experiments [8]].
Using direct numerical simulations, Stanley and Sarkar [9]] showed that different turbulence generating mechanisms can
significantly alter the vortex shedding process.
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Far fewer studies have been performed to uncover the effects of interacting jets when the initial jets are in close
proximity. For such configurations, the bulk streamwise motion in the flow field of unventilated parallel plane jets can
be characterized by three regions; namely, the converging, merging, and combined regions (see Ko and Lau [[10]] for an
illustration). The initial converging region ends when the mutual entrainment of each jet leads to a centerline velocity
above zero; this downstream location is called the merge point and marks the beginning of the merging region. The
fundamental vortex roll-up frequency is unaffected by the presence of the neighboring jet prior to the merge point [[11]],
and only the turbulent stresses of the outer shear layers seem to be affected [[10]]. The flow continues to mix and develop,
and eventually the velocity at the centerline reaches a maximum along the transverse direction. This point is termed
the converged point. Locations further downstream are considered the combined region and where the flow exhibits a
self-similar profile. Adjacent jets will increase the turbulent velocity fluctuations even in the combined region where the
time-average profile resembles that of a single jet [12].

The spacing and velocities of the jets can dictate how the merging process unfolds. Yin et al. [13]] found a simple
trend in which increasing the Reynolds number or decreasing the separation between the jets substantially reduced the
downstream distance at which the jets began to interfere with one another. A table outlining the many other experiments
varying these parameters is found in Wang et al. [[14]. Interestingly, Bunderson and Smith [[15] found the phenomenon
of flapping, in which the flow stream oscillates normal to the streamwise direction, and was able to control — and,
ultimately, remove the existence of — the flapping by varying the momentum flux ratio between the jets. The jet with
the lower velocity bends towards the higher speed jet, which impacts the locations of merging and converging [16]].
This behavior has also been found in reacting jet flows [17]. Controlling the characteristics of the flowfield can also be
achieved through acoustic excitation [[11].

Interacting jets have also been studied in many other contexts besides the plane parallel configuration. Béhm et al.
[L8], Stein et al. [19], and Rieth et al. [20] performed numerical studies on opposed turbulent jets and found that
simulating the flow inside the nozzle, while at the same time validating with experimental data, was the best strategy.
No investigations to date have systemically varied turbulence levels in interacting plane parallel flows [21},22]. Different
arrays of interacting round jets lend themselves to a diverse set of flow development patterns [12} 23]]. Additionally,
increasing the temperature of the jets can impact the frequency of vortex shedding [24].

In all of these prior studies, most investigations have focused on how plane parallel jets affect the mean and turbulence
characteristics compared to a single jet, and how varying spacing and inflow velocity affect the merging process.
However, very few, if any, prior studies discuss the dynamical features that emerge as a result of the interactions between
the jets. We seek to better understand the process by which the interacting jets merge through modal decompositions,
particularly proper orthogonal decomposition (POD) and dynamic mode decomposition (DMD) [25]].

POD was first introduced by Lumley [26] to the turbulence community as a means to extract coherent structures in
chaotic turbulent flows. The advantage of POD lies in the fact that it decomposes a flow into a set of orthogonal basis
functions that are optimal from an energy standpoint. This means that no other decomposition can outperform POD in
terms of capturing the maximum amount of energy using a finite number of modes [27]]. Thus, many investigations take
advantage of this technique to identify large, energetic structures present in the flow and produce accurate reduced-order
models from just a few POD modes. Several reviews have described the breadth of topics for which POD has been
applied [28, [29].

DMD, first proposed by Schmid [30]], has recently enabled a better understanding of temporal dynamics of each
mode. An overview of the DMD algorithm used in this work is given in section [[IL.B]but, in brief, a linear mapping
matrix is used to approximate how the flow transitions from one snapshot to the next, related to the Arnoldi method. In
contrast to POD, DMD provides a more complete description of the dynamics because dynamic modes are orthogonal
in time and temporally dictated by a single complex eigenvalue. The recent application of DMD to fluid dynamics has
already resulted in new and valuable insights, as illustrated by Taira et al. [25].

The goal of the present work is to better understand the dynamical behavior of interacting jets as they merge through
the use of these modal decompositions. The rest of the paper is organized as follows. In Section [[I, we explain our
numerical procedure to simulate the interaction of two turbulent parallel slot jets. Following that, we discuss the
methodology used to perform modal decompositions in Section[[TI] Results are then presented in Section[[V] Finally, we
discuss conclusions and implications for future work in Section [V]

I1. Description of Numerical Simulations
The numerical simulations outlined in this section were loosely based on the experimental configuration outlined
in Tyagi et al. [17]. Although many of the flow properties were matched between the simulations and experiment,
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the complex geometry of the experimental configuration was, however, not accounted for, thereby precluding direct
comparisons of the simulations and experiments. Nevertheless, the present simulations are sufficient to allow application
of POD and DMD techniques to the interacting jet problem, and future work will focus on a combined analysis of
computational and experimental results.

A. Governing Equations and Numerical Method

The numerical simulations were performed using PeleLl, a second-order finite volume, low-Mach, adaptive mesh
code [31]. In particular, this code solve the continuity, momentum, species, and enthalpy equations for a low-Mach flow
given by
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on a series of nested, block-structured grids. No sub-grid scale model was used. In PeleLM, the low-Mach formulation
assumes a constant background pressure and a perturbational pressure from velocity fluctuations, and an ideal equation
of state was imposed through the divergence constraint equation
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Here, p is the density, u; are the velocity components, p’ is the perturbational pressure, u is the dynamic viscosity, ¥,
are the species mass fractions, Dy, are the corresponding diffusivities, w,, is the heat release rate for reactions, / is the
enthalpy, T is the temperature, A is the thermal diffusion, ¢, is the specific heat, and W,, is the molecular weight of each
species. Additional details of the equations and their formulation can be found in [32} [33]].

On a single level, the numerical procedure for integration is as follows. We use a second-order Godunov procedure
to predict the time-centered velocity on the cell faces by explicitly discretizing the convective terms and semi-implicitly
solving for momentum diffusion [34]. We set the initial estimate for the thermodynamic variables equal to their current
state. Next, we iteratively solve: (i) the advection velocity and thermodynamic fluxes, ph and pY,,, applying the
constraint from Eq. (3)), (i) face-centered, time-centered states for mass and energy, (iif) a multi-implicit spectral deferred
correction [35] for species mass fractions, and (iv) a backward Euler type equation for time-advanced enthalpy. We only
consider flows of air in these simulations, so reactions are neglected. We then compute the provisional time-averaged,
cell-averaged velocity field. Finally, we update the perturbational pressure field and compute a final velocity. This
simplified description of the solution algorithm can be found in much greater detail in [31]].

The adaptive mesh refinement (AMR) in PeleLM is achieved on an adaptive hierarchy of nested uniform grids. As
the simulation evolves, cells are tagged for refinement based on user specified criteria, such as vorticity or density
gradients. The regridding algorithm is called at a user-specified interval to dynamically refine the mesh by creating a
series of independent, nested grids. The time-stepping procedure is most easily thought of as a recursive operation: (i)
advance the current level in time, using boundary conditions from underlying grid as needed, (if) advance the next finest
level two time steps using the coarser level variables as boundary conditions, and (ii7) synchronize between levels and
interpolate corrections to the finer levels. Losses of conservation between levels is handled by averaging the fine data
onto the coarse grid and through refluxing across the coarse/fine interface. More details on the procedure as well as
complications that arise through the multi-grid approach are discussed in [36} 37].

ou; _ 1

dx;  pc,T

B. Physical and Computational Setup

Air at T = 301 K is injected vertically into the bottom of a domain filled with quiescent air at 7 = 300 K through
three different areas: jets, small pilots, and big pilots. The two jets each have length L; = 100 mm and width W; = 10
mm and are separated by a center-to-center spacing § = 30 mm, centered at y, z = 0. The four small pilots each span a
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Fig. 1 Surface plot of inlet profile at x = O highlighting the three different regions: jet, small pilot, and big
pilot flows.

length Ly = 89 mm and width Wi = 10 mm on both sides of each jet. On the outer edges of the small pilots, two big
pilot, each with L, = 90 mm and W}, = 32 mm, are positioned adjacent to the small pilots. Figure[I]illustrates the inlet
velocity profile as a three-dimensional surface plot of the incoming streamwise velocity at x = 0. The mathematical
implementation of the jet profile is given as

1 [ anh(y +(5/2+ WJ/Z)) ~ tanh(y +(85/2- Wj/2)) . tanh(y -(§/2- W,-/z)) B tanh(y ~(S/2+ W,-/z))]

Uy =—

4 3W;/20 3W;/20 3W;/20 3W;/20
- (L;/2 +(L;/2
X tanh(%) —tanh(%) + perturbations . (6)

where similar expressions are used to specify the small and big pilot flows. The time-average velocities of jets, small
pilots, and big pilots correspond to U; = 16.2 m/s, Ug = 1.0 m/s, Up = 0.13 m/s, respectively, to match experimental
mass flow rates. The background pressure field is hydrostatic and the total pressure is allowed to vary with velocity
fluctuations, as discussed briefly in Section [[ILA]

The simulations are conducted in a 0.2 m> domain on a base grid of 128> cells. This relatively large domain
allows for proper entrainment and interaction between the two jets. All conditions on the inlet are Dirchlet boundary
conditions and the other boundaries are outflow conditions to facilitate entrainment and departure of fluid. Three
different simulations are conducted where only the maximum level of AMR is adjusted to 1, 2, or 3 or levels. These
correspond to finest resolutions of Ax = 0.781,0.391, 0.195 mm, respectively.

As indicated in Eq. (6)), perturbations were added to the jet inflow by generating fluctuating velocities in a 0.01 m3
domain with a wavenumber of ko = 6 on a high resolution grid of 5123, This domain scale corresponds to the width
of the jets and the wavenumber to the approximate radius of the holes generating turbulence inside the experiment.
Coefficients of the wavenumber are downsampled such that wavenumbers that cannot be represented on our coarsest
grid — approximately 12 grid cells across the inlet — are set to zero. The fluctuations are transformed into physical space
then resampled on the number of cells that span the jet. The magnitude of the fluctuations was set to U; /4. These
fluctuations are then added to the bulk flow of the jets.
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Fig. 2 Instantaneous snapshots of the streamwise velocity from the simulations taken at the z = 0 plane for (a)
one level, (b) two levels, and (c) three levels of AMR. In (b), AMR grids of the finest level are shown to give the
reader a sense of grid placement.

C. Numerical Procedure using Adaptive Mesh Refinement

The primary regions of interest are the shear layer of the jets and where the jets begin to interact. The AMR
capabilities in PeleLM enable us to resolve this particular region with the rest of the domain remaining coarse. This
enhances the effective resolution in this dynamically complex region but keeps the computational expense tractable.

Many of the AMR parameters are tunable and thus, left to the discretion of the user to develop optimal criteria
for numerical speed and efficiency. For these calculations, we tag cells for refinement with |w;| > 3 x 10°, where
w; = &;jx0ux [0x; is the vorticity. Each successive level of refinement must be strictly contained within the next coarsest
level (i.e., a region with the two levels of refinement must be surrounded by a region of one level of refinement). This
ensures a smooth transition between the coarsest and finest levels. The number of buffer cells and size of grid on each
level used in these simulations were found to produce satisfactory results within our computational budget.

In Figure 2] we present a centerline slice of streamwise velocity at z = 0 with increasing levels of AMR, and we
annotate the AMR grids in Figure Zp to give the reader a sense of grid placement. We can clearly see a difference in
shear layer roll-up as our resolution increases. In the lowest resolution case at y/W = 8, all four shear layers show some
coherent structures as vortices are first being formed, which distinctly contrasts the highest resolution case where more
chaotic turbulent fluctuations seem to dominate this region. These processes do not seem to alter how and where the
interaction zone begins. Quantitative results are presented in Section |I_VI

The results presented here come from extracted two-dimensional planes at z = 0 at approximately equal time
intervals of Ar = 1 x 10™* seconds, where velocity components are interpolated using a nearest-neighbor algorithm to a
uniform grid of equal resolution to our finest AMR level. Meaning, since our base grid is 1283, for our finest resolution
case we are interpolating all variables to a 1024° grid of equal dimensions. This process ensures there is no loss or
enhancement (i.e., additional smoothness) when analyzing the AMR data. The time intervals of data collection in which
the flow was fully developed for the three simulations were 0.2198, 0.1858, and 0.0234 seconds for the simulations with
one level, two levels, and three levels of AMR, respectively.

III. Modal Decomposition Techniques

Here we provide a brief overview of the methodologies used to perform POD and DMD, but direct the reader to
the references for a more rigorous justification of each step in the process. This work has benefited greatly from the
openness of other researchers in sharing the mathematical and algorithmic techniques to perform the decompositions
described below.

In the following discussions on the methodology, we adopt the convention in which boldface capital letters refer
to the matrix operator and lower case letters correspond to the vector components (or diagonal values of a diagonal
matrix). For example, a series of N snapshots of the velocity field can represented as U = u1, u», ..., un = u;.
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A. Proper Orthogonal Decomposition (POD)

POD provides a way to extract the major dynamical patterns in complex spatio-temporal dynamics through a series
of snapshots of the flowfield. Typically, POD is applied to components of the fluctuating velocity fields to link the
energy content to the turbulent kinetic energy, but can also be applied to scalar data, such as experimental data obtained
using planar laser induced fluorescence (PLIF). We apply it here to the velocity data as these are readily available and
provide the most meaningful results, as will be seen in section [[V]

We choose to perform the POD using the method of snapshots as first proposed by Sirovich [38]], because of its
efficient algorithm when the number of spatial points M far exceeds the number of temporal snapshots N. First, the
fluctuating velocity components are found by performing a Reynolds decomposition on the series of snapshots, namely

w'(x,t) =u(x,t)—i(x). (7N

All three fluctuating components are arranged into a single matrix U(x, ) with dimensions 3M X N because there
are three velocity components [25]. The cross-correlation matrix is computed as C = UTU/(M — 1), noting that
with 3M > N, the size of C is significantly reduced compared to using other approaches, such as singular value
decomposition. Next, the eigenvalue problem is solved on C, C® = A®. The eigenvectors ¢; are the basis functions, or
POD modes, and are orthonormal, given by (¢;, ¢;) = ¢;;, with ¢;; as the Kronecker delta and (-) the inner product. The
eigenvalues A; are the corresponding energies associated with each ¢;, which are sorted such that | > A, > --- > Ap.
In other words, the first POD mode contains the greatest amount of energy and decreases for increasing mode number.
Finally, the temporal coefficients are found by A = CT ®, with the components a; representing the temporal coefficients
associated with each POD mode ¢;. The flowfield can then be exactly represented by

N

u(x, ) = @(x)+ Y aipix). 8)

i=1

Typically, the flow can be approximated with far fewer modes than N, but for this study, we discuss the dominant flow
features extracted in each mode of the POD, so we do not specify a cut-off energy value for reconstruction.

B. Dynamic Mode Decomposition (DMD)

DMD, first introduced to the fluid dynamics community by Schmid [30] and Rowley et al. [39], offers a more
descriptive analysis of the dynamics of the decomposed modes. Rather than looking at the series of snapshots as
a simple collection and calculating the maximum projection, as is done with POD, DMD attempts to describe the
evolution between the snapshots through a linear map. This enables insights into the temporal dynamics in each mode.

We start the DMD analysis by reshaping the velocity data such that they are contained in a two-dimensional matrix
U, with the dimensions corresponding to space and time and containing all three velocity components. Next, two more
data matrices are created that are almost identical to U, except that the first new matrix X drops the last snapshot and the
second Y drops the first snapshot.

The objective is to then minimize the error between X and Y through the linear mapping A, meaning X = AY.
Calculating A explicitly is not efficient so we approximate it through the following algorithm.

The economic singular value decomposition is taken of X to get the POD modes, U, of X, mathematically as
X = UZV”. Th tensor A can be calculated by

A=UTyvz !, )

To find the dynamic modes, the eigenvalue problem is solved on A to find the eigenvalues /i; and eigenvectors w;. Note
that since A is not a positive symmetric matrix, f; can be complex, and thus, can describe how the modes behave in
time (e.g., growing, decaying, oscillating, etc.). The dynamic modes ¥; and continuous eigenvalues y; are computed by

¥ = Uw;, ui = log(fi;)/At . (10)

This methodology follows that of Schmid [30]], but several other methodologies can also be used to arrive at the same
answer (for example, see Kutz et al. [40Q]).
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Fig. 3 Comparison of time-average (left column) and RMS (right column) of the streamwise, transverse, and
spanwise velocity components on the top, middle, and bottom rows, respectively, for a downstream location of
x/W; =1.

IV. Results

We begin by comparing the time-average and RMS of the velocity components at a downstream location of x/W; = 7
in Figure [3] for the three different simulation resolutions. The streamwise velocity uy shows a breakdown from the
original top-hat profile initiated at the inlet as a result of shear layer growth. The tops of each profile are rounded and
very little discrepancy exists between each resolution of simulation. The time-average transverse velocity u, exhibits a
slight asymmetry across y = 0, as we would expect due to different directions in which the shear layers of the jets are
spreading. We attribute the slight difference in the two- and three-level simulations to the insufficient number of time
steps in the three-level simulation. The spanwise velocity component u, contains mostly random fluctuations about
u, = 0 which is expected from the symmetry of the simulation.

The RMS fluctuations of each velocity component have similar profiles along the transverse direction because at this
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Fig. 4 Average streamwise velocity as a function of downstream location at the centerline of the configurations
y = 0 and at the center of the jets y = —S/2, S/2.

downstream location, the large fluctuations are being produced along the shear layer. This particular location, x/W; = 7
illustrates the three-dimensionality of these fluctuations, since all three velocity components have similar orders of
magnitude. Non-zero RMS values are observed at the center of the jets because the large turbulent fluctuations used as
turbulent inflow persist downstream. The discrepancies between the two highest resolution cases are most likely due to
a lack of snapshots of the highest resolution.

We also plot the time-average streamwise velocity profile at y = 0, —S/2, §/2, which corresponds to the centerline of
the simulation and centerline of the jets, in Figure We can see the potential cores of each jet persist until x/W; = 6 -7,
and then as the jets continue to mix and interact, the centerline velocity becomes a maximum, marking the converging
region, as discussed in Ko and Lau [10]. The jets break down fairly symmetrically and have similar behavior for each
resolution of simulation. It would not be appropriate to comment, however, on the transition between converging and
merging regions, since our simulations have a non-zero centerline velocity initiated at x = 0.

Next, we perform POD on the simulation with 2 levels of AMR using all three velocity components on the region
x € [75,150] mm and y € [-25,25] mm. Figure [5|gives the spatial modes corresponding to the streamwise and
transverse components in the top and middle rows, respectively, and the power spectral densities of the first four modes.
The normalwise velocity is neglected because it did not have any recognizable structure. This particular region was
chosen to highlight the interesting dynamics that occur as the jets begin to merge. Also, we do not show any results
from performing POD on the three-level simulation because there was not enough data to resolve many of the features;
however, the results (not shown here) seem to be tending towards those shown for two levels.

The four modes in Figure[5]show the transition at which the jets are shedding vortices along the four shear layer then
farther downstream begin to merge and shed vortices asymmetrically about the centerline y = 0. Modes 3 and 4 have
larger spatial fluctuations near the lower half of the POD domain. These two modes are termed a mode pair because
they have almost identical energy content (not shown here) and power spectra, and spatial structures that appear 90
degrees out of phase with one another. Sets of these modes identify traveling structures in the flowfield. As the vortices
represented by modes 3 and 4 travel downstream, their structure transforms into that of the more energetic modes 1 and



Downloaded by PENNSYLVANIA STATE UNIVERSITY on February 1, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2019-0323

() Mode 1: Mode 2: Mode 3: Mode 4:

. ’, 0.015
14.0£ i \ ‘ . | 0.01
]
12.0 . . ' 0.005
£t ol ;
) 3
10.0 ¢ -0.005
I
-0.01
8.0
-0.015
F] ) 0.015
0.01
0.005
* 0
. -0.005
-0.01
-0.015
-2 0 2
y/W;
:'? 60 F T T T T T T T =
8 Mode 1
L Mode 2
E 40 + Mode 3| _|
< Mode 4
-
©
2.
wn 20 _ 7
g
E 0 | | | dA A~
0 100 200 300 400 500 600 700 800

Frequency, Hz

Fig. 5 POD (a) spatial modes for the streamwise and transverse velocity components in rows 1 and 2 and (b)
spectra of temporal coefficients computed for x € [75, 150] mm and y € [-25,25] mm.

2. These two modes, which are also a mode pair, now contain vortices shedding asymmetrically, which is clear since the
streamwise spatial modes are opposite in sign across the y = 0 axis. The temporal spectra of all four of these modes
show no distinct peaks, indicating the irregularity in the process. Interestingly, the frequency content in modes 1 and 2
is reminiscent of the frequency of vortex shedding behind a bluff body if we were to consider the space between the jets
as the effective diameter of the bluff body. This behavior was also noted by Bunderson and Smith [I5]. However, since
we lack a clear peak in the spectra and have a non-zero velocity at the centerline inlet, we cannot confidently claim this
is the case for our simulations.

DMD has been performed over the same region as the POD but over a much smaller subset of time of 0.01 seconds,
or 101 snapshots. The dynamic modes (DM) that most closely correspond to the behavior found in the first four modes
of the POD are shown in Figure[6h, along with the eigenvalue spectrum in Figure[6p. The complex eigenvalues come as
conjugate pairs, so we only visualize the dynamic modes that correspond to the positive imaginary component of u to
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Fig. 6 DMD (a) spatial modes for the streamwise and transverse velocity components in rows 1 and 2 and (b)
eigenvalues computed for x € [75, 150] mm and y € [-25,25] mm over a time frame of 0.01 seconds. The modes
shown here correspond to eigenvalues with frequencies of Imag(x,)= 213 Hz and Imag(uz)= 425 Hz.

avoid repetitive information. In particular, these modes correspond to eigenvalues with frequencies of Imag(uq)= 213
Hz and Imag(ug)= 425 Hz.

Interestingly, these two particularly dynamic modes resemble the same features in the POD modes and are also
harmonics of each other. Yet, the two vortex shedding mechanics are different, one a result of symmetric shear layer
roll-up and the other the result of asymmetric vortex shedding. This raises the question of whether it is the case that,
once the shear layers begin to interact, they simply create vortex pairs that are become asymmetric. We duly note that to
find a portion of the flow in which these structures are clear took a tremendous effort. We trace this difficulty back to
the fact that since dynamic modes are spectrally pure, the oscillations in the time frame must remain at a particular
frequency for the entire time duration. As shown with POD, the vortex shedding is highly irregular, so finding this
particular time frame of steadiness can be difficult.

10



Downloaded by PENNSYLVANIA STATE UNIVERSITY on February 1, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2019-0323

V. Conclusion

Two turbulent plane parallel interacting jets have been investigated using highly resolved simulations. Resolution
between the three simulations was used by varying the maximum levels of AMR refinement. The time-average and
RMS profiles were very similar between all three simulations, except in some cases because of the lack of available
number of time steps of the finest resolution simulation.

Using POD and DMD modal decompositions, we examined the dynamical features that exist as the jets begin
to interact. Through POD, we could identify a region in which the coherent structures originally shed vortices
symmetrically, as single jets typically do, then the vortices begin shedding asymmetrically farther downstream. This
transition process is highly irregular as indicated by the spectra of the temporal coefficients. DMD furthered confirmed
this intermittent behavior, but also indicated that these oscillations can be captured in a single complex eigenvalue.

There are many avenues for improving this work in the future. First, we would like to confirm our turbulence
generating process with experimental turbulence generating processes to validate our methodology. Second, we would
like to ensure validity in our results by recomputing our higher resolution simulation for a longer duration and confirm
the results discussed above. Finally, we would like to answer the question, “How does varying inlet turbulence intensity
affect this process?” By answering this question, we can better understand the dynamics that occur as jets begin to
interact.
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