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Direct numerical simulations are conducted to investigate the large-scale features
of a stably stratified shear layer. The fully-developed turbulent shear layer exhibits
two distinct large-scale structures: one is a typical large-scale structure (LSS) with a
scale proportional to the shear layer thickness, and the other is an elongated large-
scale structure (ELSS) with a streamwise length much greater than that of the LSS.
Simulations employ computational domains with varying streamwise lengths. Auto-
correlation functions of velocity reveal that the ELSS meanders in the horizontal
plane. This meandering is altered in smaller domains, where confinement effects even-
tually suppress ELSS growth. Comparisons across domain sizes highlight the role of
the ELSS in flow evolution. The mean and root-mean-square fluctuations of velocity
and density remain unaffected by the growth of the ELSS. The LSS length scale
consistently scales with the shear layer thickness and is not influenced by the ELSS.
The behavior of the dissipation coefficient indicates that energy transfer from large
to small scales is predominantly driven by the LSS rather than the ELSS. Counter-
gradient diffusion of momentum and density is known to occur at scales between
the LSS and ELSS; this feature is shown to be linked to the development of the
ELSS. The results indicate that the ELSS has minimal influence on flow properties
at scales smaller than the LSS, which govern the averages and variances of velocity

and density, while it plays a significant role at scales larger than the LSS.
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1. INTRODUCTION

s Turbulence in a stably stratified fluid is commonly observed in the ocean and atmo-
20 sphere.'™ One important mechanism of turbulence generation in natural environments is
w0 instability arising from shear currents.? Shear can lead to the Kelvin-Helmholtz (KH) insta-
a1 bility, which induces intense turbulent motions and enhances the transport of momentum
» and scalars in the flow.>® The process of turbulence generation via KH instability under
33 stable stratification has received significant attention in previous studies. A representative
u laboratory example is the formation of a stably stratified shear layer between two parallel
ss flows with different velocities and densities.”® This flow configuration has also been exam-
s ined using direct numerical simulations and large-eddy simulations.”!° It has been reported
s that the vertical density profiles of stably stratified shear layers resemble those observed
ss in turbulent patches in the oceanic thermocline.” At high Prandtl numbers, the density in-
30 terface can become thinner than the shear layer, giving rise to Holmboe instability, which
w also leads to turbulence generation.!™? Turbulent shear layers driven by Holmboe insta-
a bility have been investigated through both experiments and numerical simulations.'?1® In

« contrast, the present study focuses on turbulence generated by KH instability.

s Several studies have focused on the transition process triggered by KH instability. The
4 KH instability initially generates large-scale roller vortices aligned in the spanwise direction.
s Subsequently, depending on the flow conditions, various types of secondary instabilities or
4 vortex interactions occur following the formation of the primary vortices, leading to the
s development of three-dimensional turbulence.!®22In the absence of stable stratification, tur-
43 bulence in a shear layer is maintained by the production mechanism associated with the
s mean shear.?»?* In contrast, buoyancy forces in a stably stratified fluid suppress vertical
so turbulent motions and promote decay of the turbulent shear layer. This decay process has
s1 been analyzed using the budget equations of turbulent kinetic energy and potential en-
s2 ergy. %% Other studies have quantified parameters characterizing turbulent mixing, such as

26-30

s3 mixing efficiency and the turbulent Prandtl number, which are essential for modeling

s« mixing processes in geophysical flows.

ss Turbulence is often investigated in terms of coherent structures, which are defined by
ss characteristic patterns in flow variables. For example, vortices are commonly described as

sz tubular regions of fluid exhibiting intense rotational motion.>! Flow visualizations from nu-
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ss merical simulations have shown that vortices in stably stratified shear layers frequently have
so a hairpin shape.??> These hairpin vortices induce velocity fluctuations that contribute to
e vertical turbulent transport. Such vortical structures are typically identified using quantities
&1 based on velocity gradients and reflect the small-scale features of turbulence. In contrast,

s large-scale flow structures are often identified using velocity or pressure fields.?6:37

63 Both small- and large-scale structures play important roles in turbulence. Small-scale
6« structures are primarily responsible for the dissipation of turbulent kinetic energy and for
e irreversible density mixing through molecular or thermal diffusion. In contrast, momentum
6 and density transport by stirring motions predominantly occurs at large scales. In stably
o7 stratified shear layers, a characteristic length scale for large-scale motions is the shear layer
es thickness. When turbulence develops from KH instability, the shear layer thickness defines
e the typical large-scale structures (LSS), such as roller vortices that remain from the insta-
70 bility.3¥ 10 As the turbulent shear layer evolves in a stably stratified fluid, structures with
7 much larger scales than the LSS can emerge.?’ These very-large-scale structures exhibit
722 strong anisotropy, with their streamwise length significantly exceeding their spanwise and
73 vertical scales. They are referred to as elongated large-scale structures (ELSS) and are ev-
7 ident in the distribution of positive and negative streamwise velocity fluctuations that are
75 elongated in the streamwise direction. Similar elongated structures are also observed in wall-
7 bounded shear flows.*! The ELSS in stably stratified shear layers develop due to enhanced
77 mean shear effects under stable stratification, emerging when the mean shear time scale
78 becomes much shorter than the large-eddy turnover time.?? Both LSS and ELSS carry sig-
70 nificant turbulent kinetic energy and contribute to density fluctuations. The decomposition
s of velocity fields into LSS and ELSS scales using a low-pass filter suggests that the ELSS
a1 contains approximately 50% of the turbulent kinetic energy.?® In addition, a proper orthogo-
& nal decomposition (POD) analysis has shown that the ELSS can be well reconstructed using
&3 the first several POD modes that together capture 50% of the turbulent kinetic energy.*?
s These results suggest that the ELSS carry a substantial fraction of the kinetic energy in
s the flow. When the ELSS becomes sufficiently developed, the one-dimensional kinetic en-
s ergy spectrum evaluated with streamwise wavenumber k, follows a k;! power law between
&7 the LSS and ELSS scales.?’ This k;! law has also been observed in numerical simulations

6,22

ss modeling KH instability events in polar mesospheric clouds,®?* suggesting that ELSS may

s influence the characteristics of atmospheric turbulence.
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o The role of ELSS in the evolution of stably stratified shear layers remains incompletely
o understood, although previous studies have revealed their presence and generation mecha-
o2 nisms. The present study conducts new direct numerical simulations (DNS) of stably strat-
03 ified shear layers to examine how the ELSS influence flow evolution. Several approaches are
o available to investigate how turbulent structures affect flow evolution. One approach is to
s eliminate or modulate specific turbulent structures to assess how their absence alters the
s low evolution. Using this method, the origin of large-scale roller vortices in turbulent wakes
o was studied by suppressing Kdrméan vortices with porous structures.*®> The role of internal
o shear instability in small-scale turbulence was also studied using this approach.*% Artifi-
o cial velocity perturbations that trigger small-scale shear instability were superimposed on
100 decaying turbulence to evaluate the effects of the instability. Similarly, the role of large-scale
11 motions in wall turbulence was investigated through simulations employing small computa-
12 tional domains.?” In such cases, small domains inhibit the growth of large-scale structures,
103 and comparisons between different domain sizes reveal how the presence of large-scale struc-
104 tures influences small- to moderate-scale turbulent motions. The present study adopts this
105 approach to explore the role of ELSS in temporally evolving stably stratified shear layers.
s Specifically, DNS is performed using various streamwise domain sizes. As the streamwise size
17 decreases, ELSS development is inhibited by confinement effects. Comparisons among sim-
18 ulations with different domain sizes are used to elucidate how ELSS influence the evolution

100 Of the flow.

no  The numerical setup is described in § II. Section III presents the results of the DNS,
m including one- and two-point statistics of velocity and density, as well as spectral analyses.
u2 Additionally, the correlation analysis reveals the spatial organization of the ELSS, which has
u3 not been previously discussed. These statistics are also used to evaluate several key param-
14 eters relevant to modeling stably stratified shear flows, in order to relate the development
us of ELSS to turbulence dynamics and the mixing process. Finally, the paper is summarized

116 1IN § IV.
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FIG. 1. Computational domain and mean streamwise velocity and density profiles of a stably

stratified shear layer.

w II. DIRECT NUMERICAL SIMULATION OF A STABLY STRATIFIED
us SHEAR LAYER

ne A.  DNS of a stably stratified shear layer

10 The present study performs DNS of a temporally evolving stably stratified shear layer
121 within a domain that is periodic in the streamwise and spanwise directions. Figure 1 illus-
122 trates the numerical setup. The streamwise velocity and density vary within a thin layer,
123 which becomes turbulent due to the KH instability. The differences in streamwise velocity
124 and density between the upper and lower regions are denoted by Uy and pg, respectively. This
1s flow configuration has been widely used in numerical studies of stably stratified turbulence.’
126 The streamwise, vertical, and spanwise directions are denoted by x, y, and z, respectively,
127 with corresponding velocity components u, v, and w. The density field is represented as
ws P+ p(z,y, 2,t), where p, is a constant reference density and p is the deviation from p,. The
120 governing equations are the Navier—Stokes equations under the Boussinesq approximation

130 and are expressed as follows:

Ouj _
al’j o
Ou;  Ouu, 1 dp 0%u; p
= - - 761 b
= ot Oz; Pa O; +V8;L’j8:pj gpa 2 (1)
dp  Oujp 0p

E + 81‘] B K@xjaxj’
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122 where subscripts ¢, j = 1,2, 3 correspond to the z, y, and z directions, respectively; ¢ is time;
133 p is pressure; v is the kinematic viscosity; x is the molecular diffusivity for density; and g
134 is the gravitational acceleration. The gravitational force acts in the vertical direction and is
s represented using the Kronecker delta 0.

s The flow is statistically homogeneous in the z and z directions, where periodic bound-
17 ary conditions are applied. Free-slip boundary conditions are imposed on the upper and
s lower boundaries in the vertical (y) direction. Statistical quantities are defined using spa-
1o tial averages (f) taken over horizontal planes as functions of time and y. The fluctuating
1o component is defined as f' = f — (f). The initial mean streamwise velocity is specified
w as (u) = 0.5Up tanh(2y/hg), where hy denotes the initial shear layer thickness. The initial
12 mean velocities in the vertical and spanwise directions are set to zero. The initial veloc-
w3 ity field is constructed by superimposing velocity fluctuations onto the mean velocity as
w (u,v,w) = ((u) + o', v',w’). The initial density field is given by p = —0.5p0 tanh(2y/hy)
1s without any fluctuations. The initial velocity fluctuations are generated using spatially cor-
us related random numbers,* as follows. A characteristic length scale Ly = 0.34hy and root-
w7 mean-square (rms) velocity uy are specified, where uy = 0.025U, for |y|/ho < 0.7 and zero
s elsewhere. First, a coarse auxiliary grid with resolution Ay = L is constructed, and uniform
1o random numbers in the range [—1, 1] are assigned independently to each of the three velocity
150 components at every point on this grid. These random fields are then interpolated onto the
151 fine DNS grid using trilinear interpolation. Next, on each z—z plane, the interpolated veloc-
1s2 ity fields are normalized to have zero mean and a root-mean-square (rms) value of uy, where
153 the statistics of the random velocity are defined using spatial averages in the z—z plane. The
154 resulting random velocity field is used as the initial fluctuations. The energy spectra of the

25,48

15 generated fluctuations have been examined in prior studies, confirming that the velocity

156 fields exhibit an energy-containing scale of Ly and the target rms value uy.

157 The flow is characterized by three non-dimensional parameters: the Reynolds num-
s ber Re = Uphg/v, the Prandtl number Pr = v/k, and the Richardson number Ri =
159 gpoho/ (paUZ). Previous studies have examined the dependence of flow characteristics on
10 these parameters.?2021:2%29 The present study focuses on the development of ELSS, which
10 emerge when Ri > 0.06 and Re is sufficiently high for the initial shear layer to develop
162 into turbulence.?>® These prior investigations have shown that the large-scale flow features

163 associated with ELSS are largely insensitive to variations in (Re, Ri). A LES study has con-

6
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164 firmed the ELSS development at Re = 40000 similarly to low Re cases.?>3® The dependence
16s on Pr has also been studied in Ref. 29, which reported that the temporal evolution of veloc-
166 ity statistics remains similar for Pr values between 1 and 16. Based on these findings, the
167 present study adopts Re = 600, 1200, and 1800, with fixed parameters (Ri, Pr) = (0.06, 1).
s Different parameter sets would yield qualitatively similar results, provided that (Re, Ri) sat-
160 isfy the conditions necessary for the growth of ELSS, as supported by previous comparisons

o of velocity and density statistics across a range of parameters.

w1 The present study focues on Pr = 1, and does note explore the Pr effects, which are
2 important especially in small-scale density fluctuations and their coupling with the velocity
173 field. Understanding this issue requires DNS with different Pr values, as in previous DNS

1215717 The present study focuses on the ELSS, whose development is

174 studies on this issue.
175 driven by mean shear rather than direct buoyancy effects.*? In turbulent shear layers with-
176 out density stratification, the shear layer thickness grows over time. Stratification suppresses
177 this growth, thereby sustaining the mean velocity gradient. The enhanced mean shear re-
s sulting from this suppression promotes the growth of ELSS, consistent with mechanisms of
1o anistropic structure growth due to strong mean shear predicted by rapid distortion theory.%’
180 In this process, the role of buoyancy is indirect, mainly through the modification of the shear
11 profile, while direct buoyancy effects such as kinetic-to-potential energy conversion are less
182 relevant. For this reason, a non-stratified shear layer also allows the growth of ELSS when
183 the vertical layer development is inhibited by walls, while the ELSS does not appear in a
1 freely evolving shear layer, where mean shear becomes weak with time.*? This understanding
185 has guided our focus on the velocity field and the use of Pr = 1. It is also worth noting
185 that ELSS have been reported for turbulent shear layers arising from KH instability. As Pr
187 increases, the initial shear layer has a thinner density interface, and Holmboe instabilities
1s become dominant in the turbulent transition.'!? The existence of ELSS in turbulent flows
180 triggered by Holmboe waves at high Pr remains unclear. Given that ELSS development is
100 attributed to enhanced shear, ELSS is expected to emerge in Holmboe-wave-induced tur-
11 bulent shear layers. However, verifying this hypothesis with numerical simulations would
12 require DNS with very large domains and high spatial resolution, which become compu-
103 tationally prohibitive at high Prandtl numbers. Existing DNS studies with high Pr are
104 generally restricted to relatively small computational domains, making it difficult to resolve

105 ELSS development under such conditions.!>15718
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TABLE I. Parameters of DNS: the Reynolds number Re, the Richardson number Ri, the Prandtl
number Pr, the domain size (Lg, Ly, L.), the number of grid points (N, Ny, N.), the time incre-

ment At, and the grid size (A, Ay, A;). Here, A, is evaluated at the shear layer center.

Case Re Ri Pr Ly/hy Ly/ho L./hg Ny Ny N, At/t, Az/ho Ay/ho A;/ho

Re06Lx28 600 0.6 1 28 80 84 324 416 972 0.015 0.087 0.093 0.087
Re06Lx448 600 0.6 1 448 80 84 5184 416 972 0.015 0.087 0.093 0.087
Rel2Lx28 1200 0.6 1 28 80 84 486 700 1458 0.01 0.058 0.055 0.058
Rel2Lx56 1200 0.6 1 56 80 84 972 700 1458 0.01 0.058 0.055 0.058
Rel2Lx112 1200 0.6 1 112 80 84 1944 700 1458 0.01 0.058 0.055 0.058
Rel2Lx448 1200 0.6 1 448 80 84 7776 700 1458 0.01 0.058 0.055 0.058
Rel8Lx28 1800 0.6 1 28 80 84 648 948 1944 0.0075 0.044 0.041 0.044
Rel8Lx448 1800 0.6 1 448 80 84 10368 948 1944 0.0075 0.044 0.041 0.044

196 B. Numerical methods and parameters

17 The governing equations are solved using an in-house DNS code based on a fractional step
18 method with finite difference schemes. This code is identical to that used in our previous

35455052 where its validity was confirmed through comparisons with experimental

199 studies,
200 and numerical results. Spatial derivatives are computed using fully conservative finite differ-
201 ence schemes: a fourth-order scheme in the horizontal directions and a second-order scheme
202 in the vertical direction.®® Time integration is performed using a third-order Runge-Kutta
203 method. The Poisson equation for pressure is solved using the biconjugate gradient stabilized
200 (Bi-CGSTAB) method.

205 Table I summerizes the computational parameters. The present study investigates how the
206 emergence of ELSS alters the statistical behavior of the flow. To this end, DNS is performed
207 with different streamwise domain sizes: L, = 28hg, 56hg, 112hg, and 448hy for Re = 1200;
28 L, = 28hy and 448hy for Re = 600 and 1800. Since ELSS are characterized by a large
200 streamwise length scale, their development is inhibited when L, is not sufficiently large,
210 due to confinement effects. Comparing these cases helps to reveal how ELSS influence flow
an evolution. The domain sizes in the other directions are fixed across all cases at (L, L.) =

22 (80hg, 84hg). The vertical domain size L, is much larger than the thickness of the fully

8
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213 developed turbulent shear layer, which is approximately 10hq in the present case. Therefore,
212 the vertical boundaries do not affect the flow evolution. The spanwise domain size L, is
215 also chosen to ensure that the periodic boundary conditions in the z direction have minimal
216 influence on the flow. Previous studies have examined confinement effects in the spanwise
217 direction by conducting simulations with various values of L,.2>5% When L, is too small,
218 the three-dimensionality of roller vortices generated by the KH instability is suppressed. This
210 confinement effect delays the generation of three-dimensional velocity fluctuations, because
20 the interaction between neighboring roller vortices, that is facilitated by misalignment of
21 their axes from the spanwise direction, is restricted under small L,.2%% These previous
22 findings suggest that L, = 84hg in the present DNS is sufficiently large to ensure that the

23 periodic boundary conditions in the spanwise direction have minimal influence.

2« The simulations are conducted up to ¢t = 320¢,, where t, = ho/Up is the reference time
25 scale of the shear layer. The computational domain is discretized using regular grids. The
26 grid spacing is uniform in the = and z directions and non-uniform in the vertical (y) direc-
27 tion, where it becomes finer near the center of the shear layer (y = 0). The vertical grid
28 refinement follows a hyperbolic tangent distribution, as described in Refs. 42 and 57. The
20 numbers of grid points in the three directions are denoted by N,, N,, and N,. Since the
230 streamwise domain size varies across cases, IV, is adjusted accordingly. During the transi-
2 tional regime, a thin interface of upper and lower fluids appear in braid regions, which are
232 resolved with more than 10 grid points in one direction. The grid spacings are always smaller
233 than twice the Kolmogorov length scale in the fully-developed three-dimensional turbulence
2. regime after the transition, ensuring sufficient resolution to capture small-scale turbulent
235 motions using the present central difference schemes, as confirmed by a grid dependence
2% test.’” The Kolmogorov scale is widely used in the literature as a characteristic measure
237 of the smallest dynamically active scales in turbulence even when the flow is statistically
238 ansisotropic and inhomogeneous. Many studies have shown that the diameters of vortex
230 tubes and the thicknesses of vortex sheets scale with the Kolmogorov length in both homo-
220 geneous isotropic and inhomogeneous anisotropic flows such as jets, wakes, mixing layers,
an and boundary layers (Refs. 31, 58-63 for vortex tubes, Refs. 50, 64-66 for vortex sheets).
22 Furthermore, one-dimensional energy spectra in these flows collapse at high wavenumbers
263 when normalized by the Kolmogorov scale.5” The radii of vortex tubes in stably stratified

24 turbulent shear layers are approximately five times the Kolmogorov scale, in quantitative
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s agreement with observations from non-stratified flows.®® This consistency further supports
26 the validity of using the Kolmogorov scale as a reference for characterizing the smallest
a7 scales of the turbulent shear layers after the transition.

xus  For each value of L,, the simulations are repeated Ng times using different initial velocity
210 fluctuations. The values of Ng for Re = 1200 are 16, 8, 5, and 2 for L, /hy = 28, 56, 112, and
250 448, respectively. For Re = 600 and 1800, Ng is 8 for L,/hg = 28 and is 2 for L,/ho = 448.
1 Flow statistics are defined based on horizontal averages, with the number of available samples
2 depending on L, and L,. As L, decreases, fewer samples can be obtained from a single
23 simulation. Therefore, a larger Ng is used for smaller L,. All statistical quantities presented
254 in this study are evaluated by taking ensemble averages over Ng simulations.

s Three-dimensional profiles of flow variables are analyzed using statistics defined by av-
26 erages over horizontal planes, evaluated as functions of height y and time. These statistics
257 represent the flow state at each height and time. Some previous studies on stratified tur-
28 bulent mixing have introduced diagnostic tools for examining bulk properties of the entire

20 flow, based on vertical averaging and vertical density profiles.?6:68

However, when applied to
20 regions near the outer edges of the shear layer, such methods can obscure the local charac-
21 teristics of the ELSS, which develop only near the center of the shear layer.?52> Therefore,
2 the present study adopts statistical analyses based on spatial averaging in the homogeneous
23 directions, which more effectively capture the flow organization and dynamics associated

264 with the ELSS.

s III.  RESULTS AND DISCUSSION

26 A. Instantaneous flow fields

7 The transition process from the initial laminar shear layer to turbulence is visualized
x%s in Figs. 2 and 3, which show two-dimensional density profiles in Rel2L.x448. Each panel
260 presents density distributions from ¢/t, = 30 to 80 on both a vertical (z-y) plane at z = 0
a0 and a horizontal (z—z) plane at the center of the shear layer (y = 0). For clarity, only a
on portion of the domain is shown in the z and y directions. The development of spanwise
a2 vortices due to the KH instability is observed in the z—y planes from ¢/¢, = 30 to 50, with

a3 characteristic vortex structures particularly evident at ¢/¢, = 50 in Fig. 2(c). These vortices

10
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FIG. 2. Density profiles on the x—y plane at z = 0 and the z—z plane at the shear layer center
(y = 0) in Rel2Lx448: (a) t/t, = 30; (b) t/t, = 40; (c) t/t, = 50.

o produce alternating strip-like density patterns on the x—z plane. These patterns have a finite
s spanwise length and are slightly inclined with respect to the spanwise direction, indicating
6 that the vortices are misaligned rather than perfectly spanwise. This misalignment promotes

27 interactions between neighboring vortices, leading to their collapse and the generation of

11
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p/po 0.5

FIG. 3. The same as Fig. 2 but for (a) t/t, = 60, (b) t/t, = 70, and (c) t/t, = 0.

s small-scale density fluctuations, as seen from t/t, = 60 to 80 in Fig. 3. One example of such
279 an interaction is highlighted by white circles in Figs. 2 and 3. These interactions trigger the
280 onset of fully three-dimensional turbulence. This transition mechanism via misaligned vortex
2s interaction aligns with experimental and numerical observations of both stratified and non-

2 stratified shear layers.?®%-™ Similar mechanisms have been documented in atmospheric

12
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47475 ag summarized in Refs. 22 and 76. Simulations with

283 observations of KH instability,
as4 different Re and Ri have consistently observed the transition due to misaligned vortex
265 interacton, and this mechanism seems ubiquitous in the KH instability.””

s Each spanwise vortex arising from the KH instability is known to undergo secondary
27 instabilities, such as convective instabilities in the vortex core and secondary KH instabili-
28 ties in the braid region between vortices.?>™ However, it has been shown that interactions
280 between misaligned vortices result in a more rapid onset of intense turbulence than these
200 secondary instabilities, and thus play a dominant role in the transition process.?>”” The im-
201 portance of domain size has been demonstrated in prior numerical studies of turbulent shear

25,5455,77 Tn small spanwise domains, periodic boundary

202 layers developing via KH instability.
203 conditions force each vortex to reconnect with itself via the boundary, resulting in perfectly
20 aligned vortices and suppressing their interaction. Under such confinement, the vortices
20s remain nearly two-dimensional during the initial stage of the transition, exhibiting much
205 weaker spanwise velocity fluctuations than in the streamwise and vertical directions.?® In
207 such cases, the transition to turbulence can be dominated by the secondary instabilities of
208 each vortex typically observed in two-dimensional simulations and three-dimensional simu-
200 lations with a small spanwise domain size.®?%21™ This issue has also been pointed out in
s00 previous numerical simulations of stably stratified shear layers with varying spanwise do-
so0 main sizes.2>”” McMullan proposed a criterion to prevent spanwise confinement effects in
s02 simulations of spatially developing non-stratified shear layers.>® The criterion requires the
s03 Tatio of spanwise domain size L, to the momentum thickness I, = f_sz 32(1 — 4(u)?/U2) dy
s0 to exceed 2.5. In the present DNS, this ratio satisfies L,/I, > 20 during the transition
s0s period (¢/t, < 100), thus meeting the criterion. Although this threshold was originally de-
s0s rived for spatially developing non-stratified flows, the significantly larger value in the present
307 temporally evolving stratified case strongly suggests that confinement effects are negligible.
s The instantaneous flow fields are compared for different domain sizes using Rel2Lx28
a0 and Rel2Lx448, which represent cases with and without streamwise confinement effects,
s respectively. Figures 4, 5, and 6 illustrate the development of the turbulent shear layer,
su showing the streamwise velocity w on an z—y plane at various time instances. Figure 4
312 shows the entire streamwise extent of the Re12L.x28 domain, while Fig. 5 displays the full
a3 streamwise range for Re12Lx448. The white rectangle in Fig. 5 indicates the region visualized

s in Fig. 6. All figures show the vertical extent of |y/ho| < 10, where the turbulent shear layer

13
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FIG. 4. Instantaneous streamwise velocity on an z—y plane in Rel2Lx28 at (a) ¢/t, = 60, (b)
t/t, = 120, (c) t/t, = 200, and (d) t/t, = 320. A part of the computational domain in the y

direction is shown here.

L, = 448h,
e

Ly/4 = 20h,

FIG. 5. Instantaneous streamwise velocity on an z—y plane in Rel2Lx448 at ¢/t, = 120. A part of

the computational domain in the y direction is shown here.

a1s develops. Multiple roller vortices generated by the KH instability are observed in the early
as stages of flow development, specifically at ¢/¢, = 60 in Figs. 4(a) and 6(a). These vortices
a7 grow and eventually collapse due to interactions with neighboring vortices. After the collapse
a1 of the vortices, three-dimensional turbulence develops within the shear layer, establishing
a0 a turbulent state around ¢/t, = 80. Due to the suppressive effect of buoyancy on vertical

a0 turbulent diffusion, the vertical growth of the shear layer is limited. As a result, the shear

14
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FIG. 6. Instantaneous streamwise velocity in the white box in Fig. 5 in Re12Lx448 at (a) ¢/t, = 60,
(b) t/t, = 120, (c) t/t, = 200, and (d) t/t, = 320.

sz layer thickness, approximately corresponding to the region where —0.5 < u/Uy < 0.5, shows
a2 little variation over the later period, from /¢, = 200 to 320, as seen in Figs. 4(c, d) and 6(c,

23 d). The visual patterns on the z—y plane are similar for both cases, indicating that streamwise

15
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FIG. 7. Instantaneous streamwise velocity on the xz—z plane at the shear layer center, y = 0, in

Rel2Lx28 at (a)t/t, = 120, (b)t/t, = 200, and (c)t/t, = 320.
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FIG. 8. The same as Fig. 7 but for Rel2Lx112.

s24 confinement effects in Rel12Lx28 have minimal influence on the initial KH instability and
25 the subsequent collapse of vortices.

w2 Figures 7-9 present horizontal visualizations of the instantaneous streamwise velocity at
szr the center of the shear layer for Re12Lx28, Rel12Lx112, and Rel2Lx448. Each figure shows

28 the full horizontal domain. Unlike the z—y plane visualizations, the streamwise velocity dis-
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FIG. 9. The same as Fig. 7 but for Rel12Lx448.

39 tributions on the horizontal plane exhibit noticeable differences across the different domain
a0 sizes. Large-scale flow structures can be identified from spatial velocity distributions. In tur-
sa bulent shear layers, such structures are often visualized as alternating regions of positive
s and negative streamwise velocity.®>™ In this study, regions with 4 > 0 and u < 0 are used
a3 for visual interpretation of large-scale features; however, this qualitative criterion is not em-
su ployed in the statistical analyses that follow. As the flow evolves, the size of the regions with
15 positive and negative u increases, indicating the development of larger-scale structures. In
1 Rel2Lx28 (Fig. 7), the streamwise extent of the structures eventually approaches the domain
ar size L,. At later times, especially around ¢/t, = 320 in Fig. 7(c), the regions of positive and
18 negative u span the entire domain and connect through the periodic boundaries at z = 0
39 and x = 28hy. It is well known that periodic boundaries can introduce artificial effects when
a0 the characteristic scale of the flow structures exceeds half the computational domain size, as

s shown in the behavior of two-point correlation functions.®? Once the size of the large-scale
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s2 structures reaches the domain size L, these structures effectively become infinitely long due
a3 to the periodicity. This confinement effect becomes evident after ¢/t = 200 in Figs. 7(b, c).
us  Figures 8 and 9 show the instantaneous streamwise velocity field for Rel2Lx112 and
us Rel2Lx448. When the streamwise domain size is large, as in Rel2Lx448, artificial effects
us from periodic boundaries do not influence the flow evolution. In Fig. 9, the flow structures
sr characterized by regions of w > 0 and u < 0 extend significantly in the z direction at
us t/t, = 320, indicating the development of ELSS. These ELSS differ from the typical large-
s scale structures (LSS) of turbulent shear flows, which exhibit less anisotropy than ELSS.25:3
0 The ELSS and LSS are also distinguishable by their streamwise length scales, as revealed
s through spectral analysis below. At ¢/t, = 320, the regions with v > 0 and u < 0 reach
32 lengths of approximately 100hy. However, because the domain size L, = 448hy is larger than
353 these structures, multiple ELSS with alternating signs of u are observed along the x direction.
34 As a result, the periodic boundaries are unlikely to influence the ELSS in Rel21.x448. In
sss contrast, for L, = 112hg (Fig. 8), the development of ELSS is affected by the domain
s6 size. Up to t/t, = 200, the velocity distributions for L, = 112h, and 448h, are similar.
ss7 However, at ¢/t, = 320, the flow structures in Rel2Lx112 are noticeably shorter in the x
38 direction, indicating that ELSS growth is suppressed. This suppression is expected, as the
30 ELSS observed in Rel2L.x448 exceed 100hg, which is more than half the domain length in
30 Rel12Lx112. These comparisons show that ELSS with streamwise lengths on the order of
st O(10%hg) do not develop when the domain size is insufficiently large. This allows for a direct
32 examination of how ELSS influence flow behavior by comparing cases with and without the

363 presence of ELSS.

i« B.  One-point statistics of velocity and density

s One-point statistics of velocity and density are compared across different L, cases. Fig-
ses ure 10(a) shows the vertical profiles of the mean streamwise velocity (u) for Re12Lx28 at
ser several time instances. At t/¢, = 30, the mean velocity exhibits a sharp gradient across the
ses shear layer. Over time, up to approximately t/¢, = 220, the profile gradually becomes more
se0 diffused due to turbulent mixing of streamwise momentum. From ¢/t, = 220 to 320, the
so profile remains nearly unchanged, indicating a suppression of vertical momentum transport.

sn This evolution of the mean velocity is consistent with previous studies on stably stratified
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FIG. 10. Vertical profiles of mean streamwise velocity (u): (a) temporal evolution in Rel2Lx28;

(b),(c) L, dependence at (b) t/t, = 80 and (c) t/t, = 320.
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FIG. 11. Vertical profiles of mean density (p): (a) temporal evolution in Rel2Lx28; (b),(c) L,
dependence at (b) t/t, = 80 and (c) t/t, = 320.

s shear layers.?® Figures 10(b) and (c) compare the mean velocity profiles among the different
s L, cases with Re = 1200 at t/t, = 80 and 320. These comparisons reveal that the mean
ana velocity profiles exhibit no significant variation with changes in the streamwise domain size.
ws  Figure 11(a) presents mean density profiles for the same time instances and case
s (Rel12Lx28) as in Fig. 10(a). The temporal evolution of the mean density profile resem-
s bles that of the mean velocity: as the turbulent shear layer develops, vertical transport of

s density results in a broader distribution. Figures 11(b) and (c¢) compare the mean density
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FIG. 12. Temporal variations of the shear layer thickness 4.

a0 profiles among different L, cases with Re = 1200 at t/¢, = 80 and 320. As with the mean

ss0 velocity, the streamwise domain size has minimal influence on the mean density distribution.

s The shear layer thickness ¢ is defined from the mean velocity profile (u) as the distance
sz between the locations where (u)/Uy = —0.45 and 0.45 in Fig. 10. Figure 12 shows the
33 temporal evolution of §, normalized by the initial shear layer thickness hg, for Re = 1200.
s« The thickness increases rapidly after ¢/t, = 50 and continues to grow until around ¢ /¢, = 150,
sss after which the growth slows. The initial rapid increase corresponds to the development of
sss large-scale vortices from the KH instability. Subsequently, buoyancy suppresses large-scale
se7 vertical motions, thereby limiting further shear layer growth. This trend is consistent with
ses previous findings.? Since the mean velocity profile shows negligible dependence on L, the

ss0 shear layer thickness 4 is also largely unaffected by the streamwise domain size.

w0  Figure 13 shows the temporal evolution of root mean square (rms) fluctuations of the
sa velocity components (u, v, w) and density p at the center of the shear layer for Re = 1200.
s The rms fluctuations are defined as fy,s = 1/ (f'%), where f' = f — (f). These rms values
303 increase initially as the turbulent shear layer develops, then decrease due to turbulence decay.
300 Except for w,.,s in Rel12Lx28 after ¢/t, = 190, the rms values do not show significant variation
w05 across the different L, cases. In Rel12Lx28, the decline in s slows after ¢/¢, = 190. This
36 behavior corresponds to the point at which the streamwise flow structures grow to the size of
307 the domain in the x direction, as discussed further below. The rms values of v, w, and p are
a0s less sensitive to L, than u,,,s. The streamwise scales of v and w correspond to the transverse
300 scales of turbulence, whereas that of u represents the longitudinal scale. At large scales, the

a0 transverse scales are generally much smaller than the longitudinal scale.?® Therefore, the
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FIG. 13. Temporal variations of rms fluctuations of velocity and density, (&) Urms, (b) Urms, (¢)

Wyms, and (d) prms, at the center of the shear layer, y = 0.

a1 larger characteristic scale of w in the streamwise direction likely leads to the more noticeable

a2 dependence of Uy, on L.

w03 Figure 14 presents the vertical profiles of rms streamwise velocity fluctuations at different
00 time instances. The fluctuations are highest within the shear layer centered at y = 0 and de-
a0s crease toward the outer regions. The asymmetry in the statistical profiles between the lower
106 and upper edges of the shear layer arises from statistical uncertainty due to the finite num-
w7 ber of samples. Although ensemble averaging over multiple simulations helps reduce such
a8 discrepancies, it does not completely eliminate them. At ¢/t, = 80 in Fig. 14(a), differences
w0 among the domain sizes are minimal. However, after ¢/t, = 200, as shown in Figs. 14(b) and
a0 (), Upms in Rel2Lx28 increases relative to the other cases. This increase is confined to the
a1 inner region |y/hg| < 5 of the turbulent shear layer. The outer region |y/hg| > 5 is intermit-
a2 tent, meaning that both turbulent and non-turbulent fluid are observed.®! These two regions
a3 are generally separated by the thin interface, whose properties have been investigated in var-

a1 ious flows #2788 including stratified flows.>”#1:8997 Previous DNS studies have shown that the
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FIG. 14. Vertical profiles of rms fluctuations of u, uyms, at (a) t/t, = 80, (b) t/t, = 200, and (c)

t/t, = 320.
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FIG. 15. Vertical profiles of mean streamwise velocity (u) at t/t, = 320: (a) Re = 600; (b) Re

1800.

a3 only a weak dependence on y within the shear layer itsel

22

£.25,35

a0 the following discussion focuses on the center of the shear layer at y = 0.

us characteristc length scale decreases in this intermittent region.?>3> Therefore, confinement
a6 effects in Re12Lx28 have limited impact on ., in the outer region, where the fluctuations
a7 remain largely unaffected by the domain size. Moreover, turbulence characteristics exhibit
As a result, analyses per-

a0 formed at different vertical positions within the shear layer yield similar outcomes. Hence,
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FIG. 16. Vertical profiles of rms fluctuations of u, uyms, at t/t, = 320: (a) Re = 600; (b) Re = 1800.
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FIG. 17. Temporal variations of the turbulent Reynolds number Re), at the center of the shear

layer, y = 0: (a) L, dependence for Re = 1200; (b) Re dependence for L,/hy = 28 and 448.

2 Figures 15 and 16 compare the vertical profiles of the mean and rms fluctuations of
w22 streamwise velocity at ¢/t, = 320 for the other Re cases. The mean velocity profiles show
423 minimal dependence on L, for both Re values. In contrast, the rms velocity fluctuations
a2 increase at small L,. This L, dependence for Re = 600 and 1800 is consistent with that
a5 observed for Re = 1200 discussed above.

ws  Figure 17 presents the temporal evolution of the turbulent Reynolds number Re, =
w27 Upms A /v at the shear layer center, where Ay = Upps/(0u/0),ms is the Taylor microscale.
a8 Rey is commonly used to characterize the scale separation between large and small turbulent
20 motions. In Fig. 17(a), results for Re = 1200 are compared across different L, values, while

a0 Fig. 17(b) shows results for all Re cases with L,/hg = 28 and 448. During the transition
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an phase, Rey reaches peak values of approximately 90, 140, and 180 for Re = 600, 1200,
a2 and 1800, respectively. Afterward, Re) decreases with time due to turbulence decay. At
a t/t, = 320, the corresponding Re, values are 22, 29, and 36 for Re = 600, 1200, and 1800
s in the L,/hy = 448 cases. As shown in Fig. 17(a), Re, exhibits sensitivity to L, when the
w35 streamwise length is as small as 28h, primarily due to the increased wu,ms for L,/hy = 28
a (see Fig. 14). A similar L, dependence is observed for other Re values at later times in

437 Flg 17(})) .

a8 C.  Spectra and two-point correlations

49 The development of ELSS is analyzed using energy spectra. In this study, the Fourier
a0 transform is applied in the x direction. The Fourier transform of a variable f in the z direction
a1 is denoted by (k,, vy, z,t), and its complex conjugate by @*, where k, is the streamwise

42 wavenumber. The one-dimensional energy spectrum of u is calculated as

443 Eu(kz,y., t) = Re[(ﬁﬁ*)], (2)

ws where the average (-) is taken over the z direction, and Re(f) denotes the real part of the
ws complex variable f. The spectra are presented as functions of wavelength A, = 27 /k,. To
ws assess the contribution of different scales to the total energy, the spectra are premultiplied
w7 by the wavenumber k,, enabling clearer visualization in semi-logarithmic plots.25:38:98

ws  Figure 18 presents the streamwise-wavenumber spectrum k, E,(k;) at the center of the
a0 shear layer for Re = 1200, plotted against the wavelength A\, normalized by the initial
a0 shear layer thickness hg. The range of A, differs for each case, as the maximum resolvable
51 wavelength is determined by the domain size L,. At ¢/t, = 120 in Fig. 18(a), the spectra
ss2 exhibit similar distributions across all cases, with a dominant peak at A;/ho = 10-20. This
53 wavelength is approximately twice the shear layer thickness ¢, and the peak corresponds
e to LSS, the typical large-scale structures in turbulent shear layers. However, for Rel12Lx28,
w5 the peak is reduced compared to the other cases. Since the domain size in Rel2Lx28 is
a6 only slightly larger than the LSS scale, the confinement effect partially suppresses the de-
a7 velopment of these structures, resulting in a smaller spectral peak. This also leads to the
sss different behaviour of u,,s in Re12Lx28 shown in Fig. 13(a). In contrast, the domain sizes in

450 Rel2Lx56, Rel2Lx112, and Rel2Lx448 are sufficiently larger than the LSS scale, and thus
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FIG. 18. Premultiplied streamwise-wavenumber spectra of streamwise velocity k,E,(k;) at the
center of the shear layer (Re = 1200) at (a) t/t, = 120, (b) t/t, = 240, (c) t/t, = 280, and (d)

t/t, = 320. The spectra are plotted against wavelength \, = 27 /k;.

a0 the LSS are unaffected by confinement. As the flow evolves, the spectral shape changes signif-
st icantly. By t/t, = 240 in Fig. 18(b), the energy at large wavelengths (\,/hg = 30) increases,
w2 leading to the emergence of a secondary spectral peak at A,/ho ~ 50-100 in Figs. 18(c)
w0 and (d) at ¢/t, = 280 and 320. This secondary peak is associated with the formation of
46e ELSS, as previously discussed in connection with Fig. 9. In Rel2Lx448, the ELSS peak is
465 clearly captured, while in Re12Lx56 and Rel12Lx112, the domain size is insufficient to fully
ass resolve this spectral feature, although energy growth at the highest available wavelengths is
s similar among Rel12Lx56, Re12Lx112, and Re12Lx448 in Fig. 18(b). Furthermore, the peak
w8 wavelength associated with ELSS in Rel2L.x448 increases over time, reflecting the continued
460 growth of these structures, which does not occur in Rel2L.x56 and Rel2Lix112. These com-
a0 parisons indicate that the energy distribution across streamwise scales cannot be accurately
a evaluated in Rel2Lx28, Rel12Lix56, and Rel2Lx112 due to the large-scale cutoff imposed by
a2 the limited domain size, which inhibits the full development of ELSS.
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FIG. 19. Premultiplied streamwise-wavenumber spectra of streamwise velocity k,E,(k;) at the

center of the shear layer at t/t, = 320: (a) Re = 600; (b) Re = 1800.

w3 Figures 19(a) and (b) present the energy spectra at t/t, = 320 for Re = 600 and 1800,
e respectively. Each figure compares the spectra for L, /hg = 28 and 448. A bimodal spectral
a5 shape is observed for L,/ho = 448, indicating the presence of ELSS for both Reynolds
ws numbers. The spectral energy at small scales (\,/ho < 5) is higher for the larger Re due to
a7 increased scale separation between large and small turbulent motions. The peak associated
s with the ELSS, located around A, /hg ~ 10%, differs slightly between Re = 600 and 1800.
a7 Such variation in the ELSS peak wavelength with Reynolds number has also been reported in
a0 previous LES and DNS studies of stably stratified shear layers.?>> These studies have shown
41 that the spectral shape remains qualitatively similar even at Re = 40000. Additionally,

a2 the L, dependence observed in Fig. 19 is consistent with the trends discussed earlier for
a3 Re = 1200.

s The wavelengths of the first and second peaks of the premultiplied energy spectra
w5 ko Fy(k,) at large ¢ in Fig. 18 correspond to LSS and ELSS, respectively. The shorter
s peak wavelength, Apgs, located near 10hyg, is associated with LSS. The longer peak wave-
w7 length, detectable only in cases with large L, is attributed to ELSS and denoted by Agpss-
a8 Figure 20 shows the temporal evolution of Apgs and Agrss, normalized by the shear layer
a0 thickness 6, for Re = 1200. For Agpgs, data are shown only at time instances where both
a0 spectral peaks are clearly identifiable. The transition to fully developed turbulence from the
s KH instability is largely complete by ¢/t ~ 100. After this point, the length scale of LSS,
w2 A gs, increases until approximately /¢, = 160. Beyond this point, as the ELSS begin to

103 emerge, the scale separation between the LSS and ELSS increases: the ELSS continue to
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FIG. 20. Temporal variations of the peak wavelengths in energy spectra associated with (a) LSS

(ALss) and (b) ELSS (AgLss) for Re = 1200.

104 grow, while the scale of LSS decreases.?” This interplay gives rise to the observed bump in
a5 Apss around ¢/t = 160. In Re12Lx112 and Rel2Lx448, the ELSS-related peak appears after
w6 t/t, = 200, and in Rel2L.x56, it appears after ¢/t, = 240. In Re12Lx28, the ELSS peak is not
407 observed, as L, is much smaller than the typical ELSS length. As shown in Fig. 20(a), Arss
w8 gradually decreases after ¢/t, = 160 and reaches a nearly constant ratio of Args/d ~ 1.5,
409 consistent across all cases. This decrease coincides with the onset of ELSS formation and
s00 Suggests a growing scale separation between LSS and ELSS as the latter elongates over time.
s In contrast, the long peak wavelength Agrss, shown in Fig. 20(b), is strongly dependent
so2 on L. In Rel2Lix448, Agpgs increases rapidly with time, reflecting the continuous growth
so3 of ELSS. This growth is increasingly suppressed as L, decreases, indicating the influence
soe Of confinement effects on ELSS development. The weak dependence of Apgg on L, suggests
sos that LSS, which scale with the shear layer thickness, evolve independently of ELSS. This

sos implies limited interaction between structures at the LSS and ELSS scales.

sov The time scale of the ELSS based on the streamwise length is estimated as Tgpgs =
s08 ARLSS/Urms- At £/t = 320, this time scale is found to be Trrss/t, = 3.9 X 10® in Rel12Lx448.
siw The ELSS exhibits a much larger time scale than the reference time scale of the stably
si0 stratified shear layer, t,.. Owing to its large time scale, the ELSS is continuously distorted
su by the mean shear, whose characteristic time scale, Ts = 6/Uy &~ 9, is much shorter than
si2 Tprss- This rapid distortion leads to significant increase in the ELSS length scale observed

s13 in the present study.
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FIG. 21. Temporal variations of Arss and Agrgs for (a) Re = 600 and (b) Re = 1800.

su  Figures 21(a) and (b) present the temporal evolution of Args and Agrgs for Re = 600 and
sis 1800, respectively. Each figure compares the results for L,/hy = 28 and 448. The spectral
si6 peak associated with the ELSS emerges at t/¢, = 280 and 240 for Re = 600 and 1800,
sz respectively. Accordingly, the plots of Agrss for L,/hg = 448 are shown after these times.
sis8 As observed for the Re = 1200 case, Agrss increases with time, whereas Apgg exhibits a
s slight decrease. The scale separation between the LSS and ELSS increases over time due to
s20 the growth of the ELSS. At ¢/t, = 320, the length scale ratios Agrss/ALss are approximately
sa 7, 12 and 15 for Re = 600, 1200, and 1800, respectively. The larger ratio at higher Re is
s22 attributed to the faster transition to turbulence, as shown in Fig. 17. At a given time, the
s23 turbulence in higher-Re cases has evolved for a longer period after the transition, thereby
s24 experiencing mean shear effects over a longer duration, which leads to greater anisotropy
s2s and larger values of Agpss/Args.

s In physical space, flow structures are often analyzed using two-point velocity correlation
so7 functions. This study considers the longitudinal and transverse auto-correlation functions of
s2s the streamwise velocity u, denoted as Ry, and R,., respectively. These functions are defined
520 A8

Rus(ro ) = (W' (z,y, 2, ) u'( + 10,9, 2, 1))
uzms y7 t)

3
530 Ruz(rz,y, t) _ <u’(I7y7Z7t) u’(l‘,y72 + T’Z7t)> ( )

2
u’f'TVLS (y7 t)
s where 1, and r, are separation distances in the x and z directions, respectively.

)

)

s Figure 22 shows the longitudinal auto-correlation function R, for various L, cases with
s Re = 1200. The range of r, is limited to 0 < r, < L,/2, since separations greater than

su L, /2 are effectively reduced to L, — r, by the periodic boundary condition.®® The correla-

28



AlIP
Publishing

L

Streamwise confinement effects in a stably stratified shear layer

— t=80t, --- t=120t, —-— t=200t, —-— t=240t e t =320,
1.0 Loy
N
N ~
§ 0.5F \\}-\ _________________ ] § 0.5F \\ 1
g ™ ~e-. p N e
I SR - & ‘C\..\' e
I s :
@ 5 10
Tx/ho
1.0
2 oslk ]
>=< N ~'.
€ IR\
VNS ..
LN ~.. ..
\\ .\‘\. \.-__.‘—."L_.-—_:._._—r
Rl /i -
rx/hO

FIG. 22. Longitudinal auto-correlation functions of streamwise velocity, Ry (rz,y,t), at y = 0 in

(a) Rel2Lx28, (b) Rel2Lx56, (¢) Rel2Lx112, and (d) Rel2Lx448.

s3s tion function with large r, increases with time, indicating the growth of the characteristic
s3 streamwise length scale. In Rel2Lx28 and Rel2Lx56, shown in Figs. 22(a) and (b), Ry,
ss7 does not decay to zero within the available r, range, indicating that the domain size is
s3 insufficient to accommodate the full extent of large streamwise structures such as ELSS. In
s contrast, Rel2Lx448, shown in Fig. 22(d), exhibits well-resolved correlation profiles even at

se0 later times, confirming that the domain is large enough to contain the elongated structures.

s Figure 23 compares the transverse auto-correlation functions R,. at the same time in-
si2 stances as in Fig. 22. Across all cases, the domain size has no significant qualitative effect
se3 on the transverse correlations. Alternating positive and negative u values due to the ELSS
sis in the spanwise direction lead to oscillations of R,, between positive and negative values at
sas larger 7,. A similar correlation profile was also reported for a non-stratified turbulent shear
ses layer.” Starting from r, = 0, R,. decreases from 1 to 0 as r, increases. At t/t, = 320, the
sar first zero-crossing occurs at r,/hg = 9.0 for Rel2Lx28 and 8.0 for Rel2Lx448. The longer
sis spanwise length scale in Re12Lx28 indicates that, in the absence of well-developed ELSS,
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FIG. 23. Transverse auto-correlation functions of streamwise velocity, R, (rz,y,t), at y = 0 in (a)

Rel12Lx28, (b) Rel2Lx56, (¢) Rel2Lx112, and (d) Rel2Lx448.

s the spacing between flow structures increases. Beyond the first zero-crossing, R,. reaches a
sso minimum value, and the location of this minimum corresponds to the typical spanwise sepa-
ss1 ration between adjacent ELSS with opposite signs of u. The minima occur at r,/hy = 15.0 in
ss2 Rel2Lx28 and 12.2 in Re12Lx448. This suggests that the center-to-center spacing between
ss3 alternating positive and negative w structures becomes larger when the ELSS do not fully
ssa develop, consistent with the visual patterns observed in Figs. 7 and 9.

sss 1o further examine the spatial distribution of ELSS, the two-dimensional auto-correlation
sse function is evaluated as

<u/($7y7z7t) u/(x+rz7y7z+7‘z7t)> (4)
U (1) '

s Figure 24 compares this correlation at y = 0 for different L, cases with Re = 1200. For

557 Ruavz(rzm T2 Y, t) =

ss0 Re12Lx112 and Rel2Lx448, the positive correlation near (r,,r,) = (0,0) exhibits an “X”
ss0 pattern, reflecting the meandering behavior of the ELSS. These structures are slightly in-
set clined from the streamwise (z) direction, as also seen in Fig. 9. This correlation pattern is

se2 similar to that observed for superstructures in turbulent boundary layers.*! The ridge of
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FIG. 24. Two-dimensional auto-correlation functions of streamwise velocity, Ryz;(7s,72,y,t), at

y =0 and t/t, = 320 in (a) Rel2Lx28, (b) Rel2Lx56, (c) Rel2Lx112, and (d) Rel2Lx448.

se3 Ry, represents the inclination of the ELSS. At r, = 50ho, Ru..(r.) peaks at r, = 9.3hg
sea for Rel12Lx448, indicating that the ELSS is inclined at approximately 10 degrees from the
ses z-axis. This inclination angle is comparable to that reported for superstructures in turbulent
sss boundary layers.*! In contrast, the “X” pattern does not appear in Re12Lx28 and Rel2Lx56.
se7 In these smaller domains, the meandering feature cannot be captured due to confinement,
sss and the ELSS are artificially connected across the periodic boundaries.

sso  The longitudinal and transverse integral scales of the streamwise velocity are defined as

s the integrals of the auto-correlation functions Ry, (r;) and R,.(r,), respectively:

20 20
571 Ly, = / Rux(Tz) dram L. = / Ruz(’rz) dr. (5)
0 0

sz Because the correlation profiles vary depending on the flow configuration, different methods

s have been used in previous studies to determine the integration limits 7,9 and 7.0.'%° One
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FIG. 25. Temporal variations of (a) longitudinal and (b) transverse integral scales of streamwise

velocity for Re = 1200.

sz common approach is to use the smallest separation distance at which the correlation function

ss becomes zero. 0102

However, this method can be sensitive to oscillations that appear in the
st correlation at large separations. To avoid this issue, alternative methods integrate up to a
s77 fixed threshold value of the correlation function, beyond which the contribution is considered
s insignificant.!931% In this study, we adopt this second approach and define r,, and 7., as
s79 the separation distances at which R,, = 0.05 and R,, = 0.05, respectively. If R,, does not
ss0 reach zero due to the limited domain size L,, the integral is computed up to r,0 = L./2.

ss1. While different choices for the integration range can slightly affect the computed integral

se2 scales, the overall conclusions discussed below remain unaffected.

se3 Figure 25 shows the temporal evolution of the integral length scales for Re = 1200 after
see t/t, = 80, a period during which three-dimensional turbulence has developed from the
sss initial KH instability. The streamwise integral scale Ly,, shown in Fig. 25(a), does not vary
ses significantly across different L, cases until t/t, = 200. After approximately ¢/t, = 200, as
se7 the ELSS begin to grow, Lj, starts to diverge among the cases. Specifically, in simulations
ses with smaller L., the growth of L, is suppressed relative to Re12L.x448, due to the inhibition
ss0 of ELSS development by confinement effects. The spanwise integral scale Ly,, presented in
s0 Fig. 25(b), exhibits a different trend. A slight decrease in Ly, is observed up to t/¢, = 200,
sa followed by a gradual increase. This behavior is consistent across all L, cases. However,
s02 differences between the cases become more pronounced after ¢/¢, = 200, when the ELSS

si3 begin to grow. These results indicate that the spanwise organization of very large-scale
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FIG. 26. Temporal variations of the longitudinal integral scale of streamwise velocity normalized

by (a) Arss and (b) Agrss for Re = 1200.

sos velocity fluctuations is also affected when ELSS development is constrained by the limited
ses domain size.

ss  Figure 26 compares the longitudinal integral scale of the streamwise velocity, Ly, with the
sor characteristic wavelengths Args and Agrss by plotting the normalized quantities Ly, /Arss
ss and Ly, /AgrLss as functions of time. If the integral scale correlates with either of these
se0 wavelengths, the corresponding normalized value remains approximately constant over time.
o0 In the early stage, up to t/t, = 160, Ly,/ALss remains nearly constant at approximately
s 0.18, indicating that the spatial correlation length scales with the size of the LSS. As the
o0z ELSS begin to develop after this point, Ly,/Apss increases rapidly. This increase reflects
s03 the growing influence of ELSS on the streamwise velocity correlation at large separation
o0s distances. Since the growth of ELSS is influenced by the domain size, Lj,/Args varies across
o5 different L, cases. However, in cases where the ELSS are captured in Re12Lx448, Ly, /AgLss
o06 remains approximately between 0.1 and 0.2, while Ly, /Arsg increases from about 0.2 to 1.2.
sor This result indicates that once the ELSS are sufficiently developed, the streamwise integral

es scale becomes correlated with the ELSS length scale rather than that of the LSS.

w0 D. Parameters characterizing turbulence and mixing

e The above results confirm that a small streamwise domain inhibits the development of
su ELSS, effectively removing these structures and altering the large-scale flow characteristics.

e12 To further understand the role of ELSS, the present study investigates the energy dissipation
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o3 coefficient and mixing parameters, aiming to clarify how the presence or absence of ELSS
e1s influences the turbulence properties and mixing processes.

eis  The energy dissipation coefficient is defined by normalizing the turbulent kinetic energy
a6 dissipation rate e = (v(du}/0x;)?) with characteristic velocity and length scales U and L of
a7 large scales, as

L= ufﬁ (6)
619 In fully developed turbulence under stable stratification, C. tends to remain approximately
620 constant in each flow. In homogeneous turbulence, the physical mechanisms underlying this
21 constancy vary with the Reynolds number. At high Reynolds numbers, it is attributed
e to a balance between energy cascade and dissipation.!® At low Reynolds numbers, the
e23 dominant contribution of vertical gradients of horizontal velocity to dissipation can also
e Tesult in a constant dissipation coefficient.!?® In contrast, stably stratified turbulent shear
o5 layers differ from homogeneous turbulence in that an active energy cascade can occur even
s26 at low Reynolds numbers.?> The present study investigates how the development of ELSS
e27 influences the behavior of the dissipation coefficient. Following previous work of turbulent

s2s shear flows,'%7 the dissipation coefficient is defined using the streamwise velocity as

3
620 C. = m (7)

e However, unlike in homogeneous turbulence, the stably stratified shear layer contains two
sn distinct characteristic length scales, those of the LSS and ELSS, which differ from the integral
e32 scale Ly,. To assess the influence of these structures, the energy dissipation coefficient is also
63 computed using the LSS and ELSS length scales:
€ €

~ CgLSS) N U} s/ Arss’ CéELSS) - U} s/ AbLss ®)
e3s These definitions allow comparison of how each scale contributes to the overall dissipation
636 behavior in the presence or absence of ELSS.

e Figure 27(a) shows the temporal evolution of the dissipation coefficient based on the
e38 integral length scale, C., for different L, cases with Re = 1200. In all cases, C; increases
e30 with time until approximately t/¢, = 280, corresponding to the rapid growth of the integral
a0 length scale, as shown in Fig. 25. For smaller L,, the values of C. remain lower due to
on the inhibited growth of the integral scale caused by the confinement effect. Figure 27(b)

s2 compares the dissipation coefficients defined using the characteristic length scales of ELSS
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FIG. 27. Temporal variations of the dissipation coeflicients defined with (a) the integral length scale

Lis, Ce, and (b) the length scales of LSS and ELSS, denoted respectively by CéLSS) and CE(ELSS) .

The results are compared for different L, cases with Re = 1200.
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FIG. 28. Temporal variations of C{>% and ¢ for (a) Re = 600 and (b) Re = 1800.

s3 and LSS, denoted as Cg(ELSS) and CE(LSS), respectively. The values of C’éELss) are shown only

s fOr time instances where the secondary spectral peak associated with ELSS is identified.

ELSS

ws When L, is sufficiently large, CYS9) exhibits an increasing trend over time, consistent with

ass the late-time behavior of C. based on the integral scale. In contrast, C™ remains nearly
s7 constant at about 2 after the ELSS have formed.

ws  Figures 28 present the temporal evolution of ") and 0 for Re = 600 and 1800.

LSS

s0 The results are consistent with those observed for Re = 1200: CE( ) shows weak time

ss0 dependence for both L,/hy = 28 and 448, even when the ELSS does not develop in the

)

es1 smaller domain. As also seen for Re = 1200, O increases rapidly with time for Re = 600

es2 and 1800.
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FIG. 29. Temporal variations of (a) eddy diffusivity ar, (b) eddy viscosity vp, and (c) turbulent

Prandt]l number Pry for Re = 1200.

63 The behavior of the dissipation coefficients defined using the three different scales has
esa important implications for the energetics of the stably stratified shear layer. When L, is
ess small, the development of ELSS is artificially constrained: the ELSS either do not form or
es6 their meandering characteristics are not observed. Despite these modifications to the ELSS,
es7 the dissipation coefficient based on the LSS scale, CéLSS), remains nearly constant after the
s ELSS begin to develop. This result suggests that the energy dissipation rate primarily scales
o with the LSS, indicating that the LSS are the dominant structures responsible for interscale
se0 energy transfer toward the small scales where dissipation occurs.?” The ELSS, by contrast,
s1 do not play a significant role in this process, as evidenced by the negligible dependence of
o2 C% on the presence or absence of ELSS.

63  Another important parameter for modeling turbulent mixing is the turbulent Prandtl
ses number, defined as Pry = vr/ar, where v and ar represent the eddy viscosity and eddy

ess diffusivity, respectively. In a stably stratified mixing layer, these quantities are computed as

u'v £

e v ©
s7 These parameters are closely related to the flux Richardson number and mixing efficiency,
s and play a critical role in modeling and parameterizing turbulent mixing in stably stratified
se0 turbulence. 08109

e Figure 29 shows the temporal evolution of vr, ar, and Prp for Re = 1200. Temporal
en variations of the turbulent fluxes (u/v') and (p'v’), as well as their scale dependence based on
e cospectral analysis, have been examined in detail in previous studies of the same flow.?> Both

o3 vr and ar generally decrease over time due to the decay of turbulence. At ¢/t, = 80, when
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o4 turbulence has fully developed from the initial KH instability, Pry is approximately 0.7. Both
ers experiments and numerical simulations of stratified shear flows have reported similar values
67 of Prp, supporting the present results.3%1%111 In Rel12Lx112 and Rel2Lx448, Pry remains
er positive even after the development of ELSS. However, after ¢/t, > 240, corresponding
os to the ELSS formation, deviations are observed in Rel2Lx28 and Rel2Lx56, where Prp
oo no longer matches the trend in larger L, cases. At t/t, = 320, both vy and ar become
ee0 negative in Re12Lx112 and Rel12Lx448. Classical turbulence models for shear flows typically
a1 assume that turbulent momentum and density are transported down the respective mean
se2 gradients, implying vr > 0 and ar > 0. Negative values of v and ar indicate counter-
ee3 gradient diffusion, where momentum and density are transported in the direction opposite to
s+ their mean gradients. Previous studies have shown that counter-gradient transport in stably
es stratified shear layers occurs predominantly at intermediate scales between the LSS and
e85 BLSS.% The momentum and density fluxes at these intermediate scales drive the negative
e values of vp and ag, and are strongly influenced by the presence of ELSS, as evidenced by
es the contrasting behaviors in small and large L, cases. Although the magnitudes of turbulent
eo momentum and density fluxes decrease over time due to turbulence decay, their relative
e0 contributions to the turbulent kinetic energy and density variance remain important. These

e contributions possibly continue to influence the long-term evolution of the flow.

s2  The budget of turbulent kinetic energy in wavenumber space has shown that inverse
e03 energy transfer toward the ELSS scale occurs for the spanwise velocity component.2® This
e behavior reflects similarities between stably stratified shear layers and the near-wall regions
s of wall-bounded turbulent flows, particularly the buffer and logarithmic layers. In these
s0s Tegions, inverse energy transfer in the spanwise velocity component is also observed,''? and
s large-scale elongated structures resembling the ELSS are known to exist.*" Furthermore, the
o0s stably stratified shear layer exhibits a k! spectral scaling between the LSS and ELSS scales,
e00 mirroring the well-established &, ! law in wall-bounded turbulent flows.!!3 These similarities
70 likely arise from mean shear effects under suppression of vertical turbulent motions, either
1 by walls or buoyancy. This interpretation is supported by observations in wall-confined
702 shear layers, where vertical motions are constrained by parallel walls.*?> As discussed in
703 detail in Ref. 25, these comparisons suggest that the observed inverse energy transfer is a

74 characteristic feature of three-dimensional, shear-driven turbulence.
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70s IV. CONCLUSION

76 The present study has conducted DNS of a temporally evolving, stably stratified shear
707 layer with various streamwise domain sizes L. The fully developed turbulent shear layer fea-
s tures two distinct large-scale length scales: one associated with typical large-scale structures
70 (LSS) with a scale comparable to the shear layer thickness, and the other corresponding to
7m0 elongated large-scale structures (ELSS) with streamwise lengths significantly greater than
1 those of the LSS. The growth of ELSS is inhibited or modulated when the streamwise do-
72 main size is small. By comparing results across different L, values, the role of ELSS in flow
73 evolution is elucidated. The results show that one-point statistics, such as mean and rms
4 fluctuations of velocity and density, reflect the properties of LSS. Despite the changes in
ns ELSS in the small domains, statistics associated with LSS remain largely unchanged, indi-
76 cating that LSS evolution is mostly decoupled from the formation of ELSS. The behaviour
77 of dissipation coefficients suggests that energy transfer from large to small scales is primarily
ns driven by LSS, with little contribution from ELSS. However, the counter-gradient diffusion
70 at large scales, associated with length scales between LSS and ELSS,*® is shown to be re-
20 lated to the development of ELSS and is not captured when ELSS growth is suppressed. In
=1 summary, ELSS play a critical role at scales larger than LSS, influencing large-scale stream-
722 wise velocity variations. However, turbulence properties at scales smaller than LSS, which

723 dominate energy dissipation, remain largely unaffected by the presence of ELSS.
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