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The existence of a turbulent/turbulent interface (TTI) has recently been verified in the6
far wake of a circular cylinder exposed to freestream turbulence (Kankanwadi & Buxton7
2020). This study aims to understand the physics within the TTI. The wake boundary,8
approximately 40 diameters downstream of a circular cylinder subjected to grid-generated9
turbulence, was investigated through simultaneous cinematographic, stereoscopic particle10
image velocimetry and planar laser induced fluorescence experiments. With no grid placed11
upstream of the cylinder, the behaviour of the resultant interface, our closest approximation to12
a turbulent/non-turbulent interface, exactly matched what is observed in existing literature.13
When background turbulence is present, viscous action is no longer the only method by14
which enstrophy is transported to the background fluid, unlike for turbulent/non-turbulent15
interfaces. The presence of rotational fluid on both sides of the TTI allows the vorticity16
stretching term of the enstrophy budget equation to be the dominant actor in this process.17
The role of viscosity within a TTI is greatly diminished as the vorticity stretching term takes18
over responsibilities for enstrophy production. The turbulent strain rate normal to the TTI19
was found to be enhanced in the interfacial region. Decomposing the vorticity stretching20
term into components aligned with the three principal strain-rate directions, it was found that21
the term most aligned with the interface-normal direction contributed to the largest share of22
enstrophy production. This indicates that better “organised” vorticity on the wake side of the23
interface yields the enstrophy amplification leading to the previously discovered enstrophy24
jump across the TTI by Kankanwadi & Buxton (2020).25

Key words: Keywords go here...26

1. Introduction27

The spatio-temporal processes by which turbulent bodies of fluid expand into the background28
fluid, such as the growth of a volcanic plume into the atmosphere with distance from the29
crater, are collectively known as entrainment. These entrainment processes are critical in30
defining the behaviour of numerous industrial and environmental phenomena. These range31
from the design of wind farms to the governance of meteorological phenomena such as cloud32
formation in both terrestrial and extra-terrestrial settings (de Rooy et al. 2013; Atreya et al.33
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1999). The rate and process by which this entrainment occurs is governed by small-scale34
turbulent dynamics within an interfacial layer adjacent to the outermost boundary between35
the two regions of fluid. In the special case where the background fluid is non-turbulent this36
layer is known as the turbulent/non-turbulent interface (TNTI).37
The nature of the TNTI is best explained by examining the behaviour of the terms of the38

enstrophy budget equation (see eqn. (1.1)).39
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A key distinguishing feature of turbulent flow is that it is vortical, i.e. 𝜔2 = |∇ × 𝒖 |2 ≠ 0,41
where 𝒖(𝒙) is the velocity field and 𝝎 is the vorticity, whereas non-turbulent flow is usually42
irrotational, 𝜔2 = 0. Accordingly, the outermost boundary between the turbulent and non-43
turbulent fluid, the irrotational boundary, is an iso-surface of𝜔2 = 0. Corrsin&Kistler (1955)44
thereby first postulated the existence of a viscous superlayer at the outer edge of the TNTI.45
They argued that inside the superlayer, the viscous diffusion term of the enstrophy budget46

equation, 𝜈 𝜕2 (𝜔2/2)
𝜕𝑥 𝑗𝜕𝑥 𝑗

, solely dominates and hence viscosity takes complete responsibility for47

enstrophy (𝜔2/2) production and facilitates the transfer of vortical motions to the surrounding48
fluid. This is necessitated by the fact that𝜔2 = 0 at the irrotational boundary ensuring that the49
vorticity stretching term𝜔𝑖𝜔 𝑗 𝑠𝑖 𝑗 must drop to zero here. The action of viscosity thus remains50
the only method by which vorticity may be transferred to the irrotational background, thereby51
growing the turbulent flow via entrainment.52
Using dimensional arguments, Corrsin & Kistler (1955) further deduced that the thickness53

of this layer, where vorticity is diffused into the surrounding fluid, must scale with the54
Kolmogorov length scale and furthermore, the defining velocity scale in this region is the55
Kolmogorov velocity scale. Here theKolmogorov length 𝜂 and velocity 𝑢𝜂 scales characterise56
the smallest, dissipative motions in turbulence and are formed from the rate of dissipation57
of turbulent kinetic energy per unit mass 𝜀 and kinematic viscosity of the fluid 𝜈, i.e.58
𝜂 = (𝜈3/𝜀)1/4 and 𝑢𝜂 = (𝜈𝜀)1/4. Many years later, these scalings were experimentally59
verified by Holzner et al. (2007).60
The TNTI is considered to encompass the layer of fluid in which the enstrophy adjusts61

from zero, in the background, to the bulk value within the turbulent flow in a conditional62
mean sense. Many subsequent studies have shown the TNTI to be substantially thicker than63
simply the viscous superlayer (da Silva et al. 2014; Van Reeuwijk & Holzner 2013). Once64
the enstrophy level within the TNTI becomes non-negligible the vorticity stretching term65
𝜔𝑖𝜔 𝑗 𝑠𝑖 𝑗 takes over as the dominant source of enstrophy production (da Silva et al. 2014;66
Watanabe et al. 2014). Van Reeuwijk & Holzner (2013) coined this region of the TNTI the67
turbulent buffer layer and defined the thickness of the viscous superlayer to be the point at68
which the enstrophy production via viscous diffusion decays to insignificance. Throughout69
the TNTI the viscous dissipation acts as a constant sink of enstrophy.70
Whilst the behaviour of these terms and their contribution to turbulent entrainment is well71

established for a TNTI, an understanding of the mechanisms of entrainment is lacking when72
rotational fluid is present on both sides of the bounding interface, despite the fact that the73
majority of environmental and industrial flows occur within a turbulent background. For74
example in our volcanic plume example the atmospheric boundary layer ensures that the75
background fluid is itself turbulent. Few studies have examined entrainment from a turbulent76
background but those that have highlighted the effect of both the characteristic length scale77
and intensity of the background turbulence without definitively ascertaining the relative78
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importance of both. (Gaskin et al. 2004; Ching et al. 1995; Eames et al. 2011). Kankanwadi79
& Buxton (2020) conducted a parametric study and concluded that background turbulence80
intensity is the defining feature whereas the length scale only has a second order effect in81
the far wake of a cylinder exposed to freestream turbulence. However, the literature is scarce82
and the physics of the turbulent/turbulent interface (TTI), henceforth defined analogously to83
the TNTI as the the region of fluid immediately adjacent to the outer-most boundary of the84
primary turbulent flow, are as yet unknown. Indeed, in the review paper of da Silva et al.85
(2014) it was suggested that TTIs cease to exist when the intensity of the turbulence within86
the bulk flow and the background turbulence are comparable to one another.87
This gap in the knowledge has left behind some profound questions which we aim to88

address in this paper. This paper builds on the work reported in Kankanwadi & Buxton89
(2020) and aims to investigate the physics of the turbulent/turbulent interface. Firstly, the90
crucial result that confirms the existence of the turbulent/turbulent interface is reproduced91
in this paper to aid the narrative. Following on from this we seek to identify the important92
flow physics at the boundary between the wake and the turbulent background. In the case93
of turbulent/turbulent entrainment the phenomenology as described by Corrsin & Kistler94
(1955) is no longer applicable, since a TTI is unlikely to be an isosurface of 𝜔2 = 0 and95
hence all three source terms on the right hand side of eqn. (1.1) are likely to be non-zero,96
including the vorticity stretching term. Answering these questions is vital to more accurately97
modelling turbulent flows spreading into a turbulent background since existing modelling98
strategies are often based around the assumption that viscous diffusion plays the dominant99
role.100

2. Methodology101

In a similar vein to the study of Kankanwadi & Buxton (2020), a parametric study has102
been conducted on the far wake of a circular cylinder that is subjected to cases of grid-103
generated background turbulence, in which the length scale 𝐿12 and intensity 𝑇 𝐼 of the104
background turbulence can be independently controlled. Simultaneous, cinematographic105
stereoscopic particle image velocimetry (PIV) (Ganapathisubramani et al. 2007) and planar106
laser induced fluorescence experiments (PLIF) were conducted approximately 40 diameters107
downstream of the rear face of the circular cylinder. In order to asses the entrainment108
mechanisms within the turbulent/turbulent interface, all three components of velocity as well109
as all nine components of the velocity gradient tensor were required. This was achieved by110
invoking Taylor’s hypothesis between consecutive stereoscopic PIV velocity fields to produce111
an instantaneous quasi-three-dimensional, three component (of the velocity vector) data112
set. The in-plane velocity gradients could be readily calculated using the stereoscopic PIV113
data. Streamwise velocity gradients were extracted after invoking Taylor’s hypothesis. These114
experiments were conducted in a water facility at Imperial College London at a Reynolds115
number with respect to the cylinder diameter of approximately 4000. In our interrogated field116
of view the local turbulent Reynolds number, based on the Taylor length scale and r.m.s.117
velocity fluctuation, was 𝑅𝑒𝜆 = 94. In order to examine the interface it is necessary for the118
experimental setup to achieve a near Kolmogorov-scale spatial resolution. A combination of119
a 12mm extension tube mounted onto a Nikkor 200mm lens was utilised to achieve a spatial120
resolution of approximately 3.6𝜂 which is comparable to direct numerical simulation (DNS)121
resolution. An illustration of the setup used in the experimental campaign is depicted in122
figure 1(a). Figure 1(b) outlines the parametric envelope of this campaign. The background123
turbulence parameters present at the location of the field of view are highlighted in the figure124
along with lines indicating the cylinder diameter as well as the turbulence intensity found125
inside the wake for the no-grid (virtually non-turbulent) background conditions. These runs126
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Figure 1: (a) An illustration of the experimental setup. Note that the laboratory coordinate
system has been shifted downstream in the interest of clarity. (b) Experimental envelope
of the campaign highlighting the background turbulence parameters for all conducted
runs. Note that the blue dotted line represents a value equal to one cylinder diameter. The
red dot-dashed line indicates the turbulence intensity found inside the wake for the no-gird

case at the location of the field of view. (Kankanwadi & Buxton 2020)

are split into three groups based mainly on the background turbulence intensity but also as a127
result of the displayed entrainment behaviour highlighted by Kankanwadi & Buxton (2020).128
Runs in group 1 are most similar to the no-grid case whereas group 3 classifies runs where129
the intensity of the background turbulence is so extreme that it is larger than the intensity130
within the wake itself. Within each group the runs are further named in hierarchical order131
based on the intensity of the incoming background turbulence. This classification is reflected132
in the naming convention with the numerical prefix representing the group (run #𝑥) whereas133
the hierarchical order within each group is represented by the suffix in the form of the Latin134
alphabet in ascending order (run #𝑥).135
Having access to simultaneous PLIF data is necessary in order to demarcate the wake136

from the free-stream. Using classical methods to identify TNTIs, such as using vorticity137
magnitude or turbulent kinetic energy thresholds, is not viable since rotational/turbulent138
fluid is available on both sides of the interface. Instead, a high Schmidt number scalar in the139
form of Rhodamine 6G is released from the rear face of the cylinder. High Schmidt number140
ensures that molecular diffusion occurs over a vanishingly small length scale and hence the141
scalar acts as a faithful fluid marker. The scalar is well mixed and covers the full extent of the142
wake in the immediate vicinity downstream of the cylinder (Kankanwadi & Buxton 2020).143
This allows the PLIF camera, focused on the wake downstream, to successfully capture the144
location of the wake boundary. The camera is fitted with a low-pass filter to exploit the shifted145
emission peak of Rhodamine 6G in order to only capture the tracer data whilst ignoring light146
scattered by the PIV seeding particles. Interface identification is then performed on images147
of the dye by placing a threshold on the modulus of the captured light intensity gradient,148
|∇𝜙 |. A similar strategy was used in Kankanwadi & Buxton (2020) and was shown to work149
effectively in measuring entrainment into a turbulent wake exposed to a turbulent background150
(instantaneously capturing both entrainment and detrainment).151
Prior to addressing the results, it is important to highlight that due to the geometry of152

the experimental setup, some slight smearing of the statistics exists in the presented results.153
The light sheet thickness causes a small, yet finite volume to be illuminated in the region154
of interest. The PLIF image captured is thereby a line of sight integration over the light155
sheet thickness. This may lead to situations where the extracted scalar extent could sit some156
small distance from the true wake boundary potentially introducing some smearing of the157
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statistics. However, it is important to highlight that in spite of these issues with the nature of158
the experiment, the physics in the interfacial region have been captured and match similar159
results in literature that have been obtained using direct numerical simulations. Further160
evidence for this is provided in section 4.161
As with any experimentally obtained data-set for an incompressible flow, a non-zero162

divergence error, i.e. ∇ ·𝒖 ≠ 0, exists within the raw data due to the presence of measurement163
noise. A divergence correction scheme as laid out by de Silva et al. (2013) was implemented164
with a threshold on themagnitude of the divergence error of 10s−1. The schemewas successful165
in significantly reducing the divergence error whilst ensuring that the magnitude of the166
“correction noise” added to the data-set was below 1% of the mean free-stream velocity, i.e.167
to within the existing experimental uncertainty. All of the results presented in this paper have168
been calculated using data-sets that have been corrected for divergence error.169

3. Turbulent/turbulent interface170

Prior to addressing the mechanisms of entrainment it is imperative to address the zeroth-171
order question of whether a turbulent/turbulent interface even exists, which has been172
previously questioned (e.g. da Silva et al. 2014)? Results relating to this question were first173
reported in Kankanwadi & Buxton (2020) and are reproduced in this paper in the form174
of figure 2. The figure plots the behaviour of conditional mean enstrophy as a function175
of normal distance away from the outer wake boundary 𝛾 for several runs with varying176
background turbulence intensities and length scales. It is clear to see that even in the presence177
of background turbulence an enstrophy jump (reminiscent of TNTIs e.g. Bisset et al. (2002);178
Westerweel et al. (2005) etc.) is reproduced, holding true even in themost extremebackground179
turbulence characteristics that are found in group 3 cases. This enstrophy jump represents a180
discontinuity in flow properties between the wake and the background independently of the181
(artificially introduced) passive scalar.182
The two-point statistics of the interfacial region may be examined by means of interface-183

normal correlation functions in the vicinity of the wake boundary. Figure 3 depicts the184
correlation of the fluctuating spanwise component of vorticity in the interface-normal185
direction, 𝑅𝜔′

3𝛾
.186

𝑅𝜔′
3𝛾

=
⟨𝜔′
3(𝛾)𝜔

′
3(𝛾 + 𝑟)⟩√︃

⟨𝜔′2
3 (𝛾)⟩

√︃
⟨𝜔′2
3 (𝛾 + 𝑟)⟩

(3.1)187

The fixed probe is located 0.05𝑑 into the free-stream side of the boundary, i.e. 𝛾 = 0.05𝑑,188
and 𝑟 denotes the distance from the fixed probe to the moving probe in the interface-189
normal direction. Solid lines in the figure represent correlations in which 𝑟 points in the190
direction of the wake, whereas dashed lines indicate 𝑟 pointing into the free-stream. In the191
interest of clarity only one example from each group has been presented in figure 3. As192
expected an asymmetric correlation function is observed with a more rapid de-correlation193
witnessed as the moving probe crosses the wake boundary (solid lines), in comparison to194
a slower de-correlation as the moving probe traverses the freestream (dashed lines). The195
level of asymmetry between the correlation functions pointing in different directions relative196
to the interface is seen to drop for cases with increased background turbulence intensity,197
however this may be expected since more intense turbulence is expected to de-correlate198
over a physically shorter distance. We thus confirm there exists a turbulent/turbulent199
interface where the enstrophy adjusts itself between the levels found on either side of the200
interface, similarly to the turbulent/non-turbulent interface. We finish by drawing an analogy201
between the turbulent/turbulent interface and internal shear layers (across which there is a202



6

-0.3 -0.2 -0.1 0 0.1 0.2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Figure 2: Mean enstrophy as a function of normal distance away from the interface.
(Kankanwadi & Buxton 2020)

discontinuity in, and de-correlation of, turbulent statistics) which are thought to be a feature203
of homogeneous, high-Reynolds number turbulence (Hunt et al. 2010; Ishihara et al. 2013).204
Such high-Reynolds number turbulence displays strong intermittency at small scales and is205
ubiquitous in nature, governing processes such as meteorology or magneto-hydrodynamics.206
Whilst, it is not the intention of this paper to establish a scaling for the identified TTI207

thickness, it can be useful to represent the thickness of the interface as a function of known208
turbulent length scales. The vorticity adjustment region of run 1a (our closest approximation209
to a TNTI) may be estimated to have a thickness of 0.2𝑑. Using the Taylor and Kolmogorov210
scale calculated for the no-grid case, 0.2𝑑 is equivalent to approximately 0.7𝜆 and 12.5𝜂.211
These are in line with the TNTI thicknesses observed in literature (e.g. Silva et al. 2018).212
We also note that the solid and dashed correlations of figure 3, i.e. those pointing towards213
the wake and the free-stream, begin to diverge at 𝑟 ≈ 0.12𝑑, i.e. ≈ 0.07𝑑 into the interface.214
This corresponds to ≈ 4.5𝜂, which is very close to the widely accepted thickness for the215
viscous superlayer of a TNTI, although we make no claims as to having identified the viscous216
superlayer thickness from these correlation functions.217

4. Flow physics within the turbulent/turbulent interface218

The turbulent/turbulent interface is now investigated through the lens of the enstrophy budget219
equation (eqn. (1.1)) to ascertain the relevant flow physics. Analysis of this manner for220
turbulent/non-turbulent interfaces can be found in previous literature (e.g. Van Reeuwijk &221
Holzner (2013); Buxton et al. (2019); Silva et al. (2018)). The outer edge of the viscous222
superlayer in a turbulent/non-turbulent interface is defined as an enstrophy iso-surface of223
𝜔2 = 0. This holds true in a TNTI as the free-stream is irrotational. The lack of rotational224
fluid in the free-stream is also the condition that forces the vorticity stretching term to be225
insignificant in the viscous superlayer, thereby defining the important role of viscosity in226
the outer regions of the TNTI. For a turbulent/turbulent interface, rotational flow is readily227
available on both sides of the boundary, therefore lifting the constraint that ensures enstrophy228
production through vorticity stretching decays to zero at the wake boundary. We therefore229
question, what is the role of viscosity in a turbulent/turbulent interface? Figures 4, 5(a)230
and 5(b) depict the interface-conditioned behaviour of the vorticity stretching and viscous231
diffusion terms for all of the runs conducted in the present experimental campaign. It is232
important to highlight the behaviour of run 1a, which is our closest approximation of a233



7

0 0.1 0.2 0.3 0.4 0.5 0.6

0

0.2

0.4

0.6

0.8

1

Figure 3: Correlation function of the spanwise vorticity component, 𝜔3, in the interface
normal direction. Note that the probe is placed at, 𝛾 = 0.05𝑑. The solid lines depict the
boundary normal direction pointed into the wake, whereas the dashed lines represent the
direction pointed into the free-stream (FS). The vertical solid line represents the position
of the wake boundary relative to the probe for the correlations pointed towards the wake

(solid lines)

turbulent/non-turbulent interface. Figure 6(a) isolates run 1a and provides a zoomed-in look at234
the interfacial region. The turbulent/non-turbulent interface that this run captures reproduces235
results that are remarkably similar to the TNTI results found in literature, notably from direct236
numerical simulation of the governing Navier-Stokes equations (e.g. Taveira & da Silva 2014;237
Watanabe et al. 2014; Silva et al. 2018). The complete lack of any enstrophy production on238
the background/free-stream side of the wake boundary (𝛾 > 0) is clearly evident with respect239
to both the vorticity stretching as well the viscous diffusion terms. With added background240
turbulence, the vorticity stretching term is no longer constrained to be zero at 𝛾 = 0 and is241
free to contribute to enstrophy production throughout the entire thickness of the interface.242
All runs exposed to background turbulence see an increase in enstrophy production across243
the whole of the interface. Runs in group 3 especially see significantly greater production244
through the vorticity stretching term, which should be expected considering the extreme245
conditions in the background turbulence that are present for these runs.246
In order to ascertain the role of viscosity, the viscous diffusion term has been plotted for247

groups 1 and 2 and for group 3 in figures 5(a) and 5(b) respectively. With respect to the248
no-grid case, the behaviour observed in direct numerical simulation studies, including the249
characteristic peak in production near the outer edge of the interface (viscous superlayer),250
is reproduced e.g. (da Silva et al. 2014). Viscous diffusion acts as a source of enstrophy251
near 𝛾 = 0 but it quickly reverts to a sink for small values of 𝛾 < 0 (within the wake). The252
viscous diffusion term acts in a similar manner to the no-grid case for runs in groups 1 and253
2 with minimal activity in the free-stream followed by source-behaviour at the outer edge of254
the interface. All cases with background turbulence exhibit increased statistical noise which255
may be expected since fewer usable snapshots are captured (i.e. where the interface spans256
the entirety of the field of view). However, even with the increased noise the underlying257
behaviour can be established for groups 1 and 2. This is not the case for runs that lie in group258
3 where all of the similarity to the no-grid case is lost. The level of noise is also greater259
as the characteristic production peak is no longer distinctly visible. Most importantly, the260
magnitude of the viscous diffusion term is insignificant when compared to the amount of261
enstrophy produced through vorticity stretching for cases with free-stream turbulence (both262
terms are plotted in figure 6(b) for a few cases).263
Our results show that the role of viscosity in terms of the relative strength of the264
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Figure 4: The inertial term of the enstrophy budget equation as a function of normal
distance away from the interface.
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Figure 5: The interface conditioned plot of the viscous diffusion term of the enstrophy
budget equation for cases in (a) groups 1 and 2 and & (b) group 3. The insets display 95%
confidence intervals for the no-grid (a) and run 3a (b) cases. Labels have been omitted as

they remain the same as the main set of axes.

viscous diffusion term, is much reduced in a turbulent/turbulent interface, to the point265
of insignificance. Kankanwadi & Buxton (2020) clearly demonstrated the existence of an266
interfacial layer between the background turbulence and thatwithin thewake,whichmanifests267
itself as a discontinuity/jump in enstrophy. However, viscous action is no longer the only268
mechanism through which enstrophy may be produced in the outer regions of the interface.269
The availability of turbulent vorticity/strain rate uncages the vorticity stretching term which270
thereby acts as the main producer of the enstrophy that yields this discontinuity, and allows271
it to participate in the turbulent/turbulent entrainment process. This has implications for the272
arguments pertaining to the scaling of the thickness of the TTI, since there is no longer273
a relevant physical argument (as there is for a TNTI) to suggest that a TTI’s thickness274
scales with the viscous Kolmogorov length scale. Further, it has connotations for numerical275
modelling of turbulent/turbulent entrainment since it is inertial vorticity stretching, which is276
an intermittent quantity, and not viscous diffusion that is active within the TTI.277
Previous work (Kankanwadi & Buxton (2020); Buxton et al. (2019); Cimarelli et al.278

(2015)) showed that the presence of a turbulent interface introduces a strong, small-scale279
anisotropy into the flow; enhancing strain-rates in the interface-normal direction somewhat280
analogously to a wall in wall-bounded turbulence. This is further verified in this paper in281
figure 7. Here, interface conditioned anisotropy has been calculated two-dimensionally in the282
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Figure 6: Behaviour of the terms of the enstrophy budget equation (𝑇) for (a) no-grid case
& (b) zoomed-in plot of both terms for a few cases with background turbulence.
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Figure 7: Interface conditioned plot of anisotropy in the vicinity of the interface.

transverse (𝑦 − 𝑧) plane considering only the 𝑣 and 𝑤 velocity components. Mathematically,283
we define the anisotropy in the context of a ratio of interface-normal velocity gradient to284

interface-parallel velocity gradient magnitudes, ⟨Σ⟩𝐼 = ⟨
(
𝑑𝑢′𝛾
𝑑𝛾

)2
⟩/⟨

(
𝑑𝑢′

𝜉

𝑑𝜉

)2
⟩. Here, 𝛾 and285

𝜉 represent interface-normal and interface-parallel coordinate directions, with 𝑢′𝛾 and 𝑢′
𝜉

286

representing fluctuating velocity components in this interface coordinate system. Far away287
from the interface ⟨Σ⟩𝐼 is close to unity (i.e. isotropy) but a peak in this anisotropy metric in288
the vicinity of the wake boundary denotes disproportionately larger velocity gradients (strain289
rates) in the interface-normal direction within the TTI. These enhanced strain rates offer290
a potential explanation for the enhanced enstrophy production, and hence enstrophy jump,291
in TTIs. However, enstrophy production through vorticity stretching depends not only on292
the magnitude of the strain-rate tensor and vorticity vector but also the alignment between293
the two. If the vorticity is somehow more “organised” in the wake than the freestream, i.e.294
exploiting this enhanced interface-normal strain rate and more efficiently aligning itself with295
the extensive strain-rate that yields 𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 > 0, then enhanced enstrophy production will296
be found on the wake-side of the TTI. Such an argument also offers an explanation for the297
conditional mean enstrophy jump occurring even for group 3 cases, in which the intensity of298
the turbulence in the background is greater than in the wake.299
We test this hypothesis by examining the relative contribution of the strain rate normal300

to the interface to the overall enstrophy production 𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 . We choose to do this by301



10

deconstructing the vorticity stretching termusing theBetchov decomposition (Betchov 1956),302
𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 = 𝜔2𝑠𝑖 (êi · 𝜔̂)2, where 𝑠𝑖 𝑗 and 𝑠𝑖 are the strain-rate tensor and the eigenvalues of303
the strain-rate tensor respectively. This decomposition illustrates that it is not simply the304
magnitude of the strain-rate tensor (and vorticity), but also the alignment between the strain-305
rate eigenvectors and the vorticity vector that determines the level of enstrophy production306
through vorticity stretching (êi and 𝜔̂ represent unit vectors pointing in the direction of the307
strain-rate eigenvectors and the vorticity vector respectively).308

We now examine the contribution to 𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 from the principal strain-rate that is most309
aligned with the interface-normal vector that was extracted 𝛾̂. Prior to examining the results,310
it is important at this stage to address a couple of assumptions made during the analysis. The311
current analysis is independent of the particular orientation of the strain-rate eigenvectors,312
ie. no distinction is made between vectors pointing in a particular direction or a direction313
rotated by 𝜋. Mathematically, the alignment angle is redefined as, 𝜃𝑖 = min(𝜃𝑖 , 𝜋 − 𝜃𝑖).314
Furthermore, it is important to note that the interface is assumed to be two-dimensional in315
the cross-stream plane (i.e. the streamwise component of 𝛾̂ is constrained to be equal to zero).316
Returning to the analysis, in isotropic turbulence the contribution of the vorticity stretching317
terms corresponding to the three principal strain directions that have been decomposed318
through the Betchov decomposition should be all of equal magnitude. However, this does319
not hold true in the vicinity of the interface due to the small-scale anisotropy created by the320
presence of the interface. Figure 8(a) plots the fraction of enstrophy produced through the321
term most aligned with the interface-normal direction (max{|êi · 𝛾̂ |}), with respect to the322
total enstrophy production through vorticity stretching. Mathematically, this is represented323
as, 𝜔2𝑠𝑎𝑙𝑖𝑔𝑛𝑒𝑑 (ê𝑎𝑙𝑖𝑔𝑛𝑒𝑑 · 𝜔̂)2/𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 . Similarly to the previous plots, this figure shows this324
behaviour as a function of distance normal to the interface 𝛾. It should be noted that only the325
values inside the wake have been plotted for the no-grid case, since the vorticity stretching326
term is negligible in the free-stream for this case. It is clear to see from the figure that on the327
wake side of the interface the aligned contribution is significantly larger than the expected328
1/3 ratio thereby supporting the initial hypothesis that vorticity inside the wake is more329
“organised” allowing for increased enstrophy production.330

Elsinga & da Silva (2019) examine the turbulent/non-turbulent interface in a data-set331
obtained using direct numerical simulation (DNS) of a planar jet. They show that at the332
irrortational boundary, there is preferential alignment of the most compressive strain-rate333
eignevector and the interface normal direction.Whilst, at first sight this seems a contradiction334
to increased aligned contribution to interial enstrophy production that is observed here, it335
may be possible to explain this result. Elsinga & da Silva (2019) observe the preferential336
alignment of the most compressive strain-rate eignevector and the interface normal direction337
at the irrotational boundary itself (𝛾 = 0). This preferential alignment of themost compressive338
eigenvector is seen to decrease at positions further into the wake side of the interface, as339
the alignment of the most stretching term is seen to increase. In our study, the observed340
peak of aligned contribution occurs in a region that is offset into the wake side of the341
boundary (𝛾 ≲ 0). The peak in the aligned contribution observed in figure 8(a) occurs342
approximately between 0.2𝑑 to 0.3𝑑 into the wake side of the interface. This translates343
to −0.7𝜆𝑛𝑜 𝑔𝑟𝑖𝑑 and −1.1𝜆𝑛𝑜 𝑔𝑟𝑖𝑑 respectively, where 𝜆𝑛𝑜 𝑔𝑟𝑖𝑑 is the Taylor length scale344
calculated for the no-grid case. Note that the Taylor scale is calculated using the following345

relation, 𝜆𝑛𝑜 𝑔𝑟𝑖𝑑 =
√︁
10𝜈𝑘/𝜀, where 𝑘 is the turbulent kinetic energy and 𝜀 is the dissipation346

rate. Elsinga & da Silva (2019) explain that vortex stretching maintains a large magnitude in347
this region, which lies in the turbulent sub-layer. Furthermore, da Silva & dos Reis (2011),348
who examine coherent structures at the TNTI, explain that large-scale vortical structures that349
scale with the Taylor microscale exist in the interfacial region and are in-turn responsible for350

Rapids articles must not exceed this page length
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Figure 8: (a) Interface conditioned plot of the interface-normal aligned contribution of the
overall vorticity stretching term. Note that the black dot-dashed line represents the
expected fraction in isotropic turbulence. (b) Joint PDF of the most aligned strain-rate
eigenvalue and cosine of the alignment angle between said strain rate and the

interface-normal direction for run 2d.

producing the vorticity jump. Therefore, it is likely that the aligned peak witnessed in this351
study is a by-product of the large-scale vortical structures highlighted by da Silva & dos Reis352
(2011). An alternative explanation may be to do with the role of viscosity. Results in this353
chapter have shown the the role of viscosity is not significant in a turbulent/turbulent interface.354
In a turbulent/non-turbulent interface, it may be possible that viscosity acts as a damper for355
the turbulent strain at the irrotational boundary, which may favour compressive strain rate356
rather than extensive strain rate. With the subdued role of viscosity in the turbulent/turbulent357
interface, such a mechanism would not apply. In the turbulent/non-turbulent case, the sharp358
rise in the aligned contribution occurs approximately 1𝜆 into the wake side of the interface.359
This metric however continues to rise, although it is a result of the insignificant magnitude360
of the vorticity stretching term near the irrotational boundary, producing large ratios.361
Lastly, the underlying actors responsible for the increased aligned contribution to enstrophy362

production are visually depicted in figure 8(b). Plotted is the joint probability density function363
of the cosine of the most aligned angle between principal strain rate and the interface-normal364
direction, cos(𝜃𝑚𝑖𝑛) = max{|êi · 𝛾̂ |} as well as the corresponding eigenvalue (𝑠𝜃𝑚𝑖𝑛

). A365
positive value of 𝑠𝜃𝑚𝑖𝑛

corresponds to vortex stretching (extension), whereas, 𝑠𝜃𝑚𝑖𝑛
< 0,366

reflects compression. In the interest of brevity only a single joint PDF of run 2d has been367
shown. However, this is a typical example of what can be observed for runs subjected to368
free-stream turbulence. In the wake side of the interface a clear bias can be seen toward369
extension across the range of alignment angles, thereby boosting enstrophy production in370
this region (𝜔𝑖𝑠𝑖 𝑗𝜔 𝑗 > 0). Such skewed behaviour is no longer present on the free-stream371
side of the interface. Whilst a slight bias towards extension still exists as is expected for372
homogeneous turbulence (Taylor 1938), it is not comparable to what is seen on the wake373
side of the interface. We thus conclude that introduction of the small-sale anisotropy in the374
TTI coupled to the preferential alignment of the vorticity vector with the interface-normal375
direction is responsible for producing the enstrophy jump observed in a TTI.376

5. Conclusions377

The turbulent/turbulent interface was examined in detail through interface-conditioned378
statistics of the enstrophy budget terms. The role of viscosity is known to be of critical379
importance in the TNTI, as it is the sole mechanism by which enstrophy is imparted to the380
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background fluid across a TNTI. However, with rotational fluid available in the free-stream381
side of a turbulent/turbulent interface, the vorticity stretching term is free to contribute to382
enstrophy production throughout the entire thickness of the interface. Results showed that the383
magnitude of enstrophy production through the vorticity stretching term dwarfed that of the384
viscous term throughout the entire interface and therefore it is possible to conclude that in a385
turbulent/turbulent interface the role of viscosity is reduced to insignificance as the vorticity386
stretching term takes over responsibilities for the enstrophy production. Further, similarly to387
a wall in wall-bounded turbulence, the turbulent/turbulent interface acts to enhance strain-388
rates in the interface-normal direction close to the boundary. Finally, decomposing the389
vorticity stretching term into three terms corresponding to the three principal strain directions390
highlighted that the component most aligned to the interface-normal direction contributes391
the largest share of enstrophy production on the wake side of the interface. This is indicative392
of better “organised” vorticity on the wake side, thereby taking advantage of the strong393
interface-normal strain rates to produce the enstrophy jump observed in a turbulent/turbulent394
interface. These results have important implications with regards to modelling entrainment395
behaviour in a turbulent environment as the role of vorticity stretching is instrumental in396
the entrainment process, something typically neglected when only considering entrainment397
from a non-turbulent background.398
The results presented in this paper lead to open questions regarding the phenomenology of399

a turbulent/turbulent interface. The structure of a TNTI is well known, as there are distinct400
layers in which, respectively, viscous and inertial processes dominate the flow physics. For401
example, it is possible to claim that the viscous super-layer is bounded between the irrotational402
boundary and the location where the inertial vorticity stretching term produces a larger share403
of enstrophy than the viscous term (Taveira & da Silva 2014). However, these bounds lack any404
physical relevance when applied to the turbulent/turbulent interface. The internal structure405
of the turbulent/turbulent interface must therefore be further investigated. It is interesting to406
note that the even with turbulence available in the background, the viscous diffusion term for407
groups 1 and 2 produces a production peak similar to the no-grid case. Hence, it is possible408
to raise the question, if this is a remnant of a defunct viscous super-layer? Additionally, with409
a diminished role of viscosity, there is also no longer a relevant physical argument supporting410
the scaling of the thickness of the turbulent/turbulent interface with the Kolmogorov length411
scale. The scaling of the turbulent/turbulent interface is therefore also an open question.412
Lastly, it should be noted that by considering the far wake (i.e. a fully-developed turbulent413

shear flow), it is assumed that the generality of the study is increased, with the analysis being414
more applicable to other flows, such as jets and even boundary layers (Silva et al. 2018;415
Watanabe et al. 2018). Whilst it is not possible to claim any universality, since that would416
require experiments conducted over a large range of Reynolds numbers using several flow417
types, the results are robust within the extensive parametric envelope that was investigated.418
Free-stream turbulence conditions that were considered had length scales both larger and419
smaller than the wake-generating object as well as intensities smaller and larger than within420
the wake.421
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