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9
Local shearing motions in turbulence form small-scale shear layers, which are unstable10
to perturbations at approximately 30 times the Kolmogorov scale. This study conducts11
direct numerical simulations of passive-scalar mixing layers in a shear-free turbulent front12
to investigate mixing enhancements induced by such perturbations. The initial turbulent13
Reynolds number based on the Taylor microscale is Reλ = 72 or 202. The turbulent front14
develops by entraining outer fluid. Weak sinusoidal velocity perturbations are introduced15
locally, either inside or outside the turbulent front, or globally throughout the flow. Pertur-16
bations at this critical wavelength promote small-scale shear instability, complicating the17
boundary geometry of the scalar mixing layer at small scales. This increases the fractal18
dimension and enhances scalar diffusion outward from the scalar mixing layer. Additionally,19
the promoted instability increases the scalar dissipation rate and turbulent scalar flux at small20
scales, facilitating faster scalar mixing. The effects manifest locally; external perturbations21
intensify mixing near the boundary, while internal perturbations affect the entire turbulent22
region. The impact of perturbations is consistent across different Reynolds numbers when23
the amplitudes normalised by the Kolmogorov velocity are the same, indicating that even24
weaker perturbations can enhance scalar mixing at higher Reynolds numbers. The mean25
scalar dissipation rate increases by up to 50%, even when the perturbation energy is only26
2.5% of the turbulent kinetic energy. These results underscore the potential to leverage small-27
scale shear instability for efficient mixing enhancement in applications such as chemically28
reacting flows.29

1. Introduction30

Turbulent mixing is a pivotal process in various engineering and environmental flows. The31
fluid motions within turbulence effectively facilitate the transport and diffusion of scalars such32
as species concentration and heat. In chemical processes, the rapid molecular-level mixing33
induced by turbulent motions markedly influences the progression of reactions (Hill 1976;34
Fox 2003). Elucidating this turbulent mixing process is crucial for modelling and controlling35
scalar transport in practical applications. The simplest scenario involves the mixing of a36
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passive scalar, which does not influence the velocity fields. Examples include the mixing of37
gases with identical densities, the diffusion of dilute dye solutions and heat transfer involving38
minimal temperature differences. Mixing of passive scalars has been extensively explored in39
prior studies of turbulent mixing (Dimotakis 2005).40

Turbulence is frequently studied with a focus on coherent structures, defined by their char-41
acteristic flow patterns. At small scales, these structures, characterised by vorticity, often take42
tubular or sheet-like geometries. The tubular structures are vortex tubes, responsible for local43
fluid motions of rigid-body rotation (Siggia 1981; Jiménez & Wray 1998; Kolář 2007). The44
sheet-like regions with vorticity relate to local shearing motions, and the associated structures45
are referred to as vortex sheets or simply shear layers (Ruetsch & Maxey 1991; Eisma et al.46
2015). The present study calls them shear layers because their essential characteristic is shear47
rather than vorticity. It is important to note that the shear layers discussed here are associated48
with velocity fluctuations, whereas a large-scale shear layer, observed in the initial laminar49
regime of a mixing layer, relates to the mean velocity distribution (Papamoschou & Roshko50
1988). Vortex tubes have garnered more attention in past studies, evidenced by numerous51
publications (Siggia 1981; Jiménez et al. 1993; Jiménez & Wray 1998; Mouri et al. 2007;52
Kang et al. 2007; da Silva et al. 2011; Jahanbakhshi et al. 2015; Ghira et al. 2022). These53
studies often utilise conditional averaging techniques, analysing the mean flow pattern around54
specific flow regions (Antonia 1981). Vortex tubes are small-scale structures, with length55
scales on the order of the Kolmogorov scale, and experience strain that leads to vortex56
stretching. The relationship between strain and tube diameter in turbulence aligns well with57
Burgers’ vortex model, which represents one of the few exact steady solutions of the Navier–58
Stokes equations.59

In contrast, shear layers have received less investigative focus. Unlike the statistical60
analysis based on conditional averages for vortex tubes, most investigations into61
shear layers have relied on visualisation or analysing flow regions occupied by shear62
layers (Ruetsch & Maxey 1992; Vincent & Meneguzzi 1994; Horiuti & Takagi 2005;63
Pirozzoli et al. 2010; Buxton & Ganapathisubramani 2010; Bhatt & Tsuji 2021). This is64
likely due to the classical identification scheme of shear layers focusing on their location65
without information on orientations, crucial for conditional analysis. However, recent66
advancements in shear layer identification have significantly propelled the study of these67
structures, beginning with investigations into a turbulent boundary layer (Eisma et al. 2015).68
These studies employ a new decomposition of the velocity gradient tensor, extracting a69
shear component. Such decompositions include the triple decomposition, Rortex-based70
decomposition and Shur decomposition, which are related to each other although the71
calculation algorithms are different (Kolář 2007; Liu et al. 2018; Kronborg & Hoffman72
2023). Over the past decade, many characteristics of shear layers have been revealed.73
They are the smallest scale structures in turbulence, with their length and velocity scales74
determined by the Kolmogorov scales both in isotropic turbulence and free shear flows75
(Watanabe et al. 2020; Fiscaletti et al. 2021; Hayashi et al. 2021a). These studies have76
demonstrated that the mean thickness and velocity jump of shear layers, normalised by77
the Kolmogorov scales, remain constant with respect to the turbulent Reynolds number78
Reλ, based on the Taylor microscale, for low to moderately large Reλ. In forced isotropic79
turbulence, the normalised thickness and velocity jump exhibit quantitative consistency80
across Reλ ≈ 40 to 300, despite Reλ ≈ 40 being insufficiently large to observe the inertial81
subrange (Watanabe et al. 2020). Shear layers in turbulence also resemble Burgers’ vortex82
layer, forming within a straining flow with compression in the layer-normal direction and83
extension in the shear-vorticity direction (Watanabe et al. 2020). The shear layers and the84
velocity fields they induce are essential in various properties of turbulence, such as energy85
cascades, enstrophy production and momentum and scalar transports (Pirozzoli et al. 2010;86
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Enoki et al. 2023). It should be noted that similar layer structures have also been reported87
in the mean flow field observed within a strain eigenframe (Elsinga & Marusic 2010;88
Elsinga et al. 2017; Sakurai & Ishihara 2018). This observation can be explained by the89
predominance of shearing motion almost everywhere in turbulence (Nagata et al. 2020a;90
Das & Girimaji 2020).91

In addition to the shear layers at the smallest scale of turbulent motions, similar shear92
layers exist across various length scales. Experiments on decaying isotropic turbulence with93
400 ≲ Reλ ≲ 900 have demonstrated that shear layer structures spanning a wide range of94
scales within the inertial subrange exhibit self-similarity, with the scale dependence of the95
mean velocity jump predicted by Kolmogorov’s second similarity hypothesis (Watanabe et al.96
2024). Shear layers at the smallest scale have a mean thickness of approximately 4–597
times the Kolmogorov scale, whereas velocity distributions in turbulence, observed through98
both direct numerical simulations (DNSs) and experiments, often reveal shear regions with99
thicknesses significantly larger than the Kolmogorov scale (Ishihara et al. 2013; Heisel et al.100
2021; Fiscaletti et al. 2022). These shear regions identified in velocity profiles are likely101
related to shear layers at intermediate scales larger than the Kolmogorov scale.102

One of the important dynamical properties of shear layers is their instability. As they103
evolve, shear layers are inherently unstable and prone to collapse. This instability leads104
to the formation of vortex tubes, as already observed in early flow visualisation studies105
(Vincent & Meneguzzi 1994; Passot et al. 1995). Recent studies have elucidated a mean106
flow pattern around shear layers (Watanabe et al. 2020; Fiscaletti et al. 2021), leading to107
the development of a simple model of shear layers in turbulence. Numerical simulations of108
this model demonstrate that a shear layer with a small aspect ratio is unstable due to self-109
induced velocity even without perturbations (Watanabe & Nagata 2023). This contrasts with110
the Kelvin–Helmholtz instability observed in a uniform shear layer with an infinite aspect111
ratio, which remains stable without perturbations. The vortex formation process from a shear112
layer with a finite aspect ratio is accelerated under the influence of velocity perturbations of113
a specific wavelength. These observations indicate that many shear layers in turbulent flows114
become unstable by perturbations with a wavelength approximately 30 times the Kolmogorov115
scale, regardless of the Reynolds number. This critical wavelength was determined using the116
most unstable wavelength of the shear layer model and the thickness of the shear layers in117
isotropic turbulence. The impacts of such perturbations on shear layers have been investigated118
through DNS of decaying isotropic turbulence with 40 ≲ Reλ ≲ 130 (Watanabe & Nagata119
2023). Perturbations near this critical wavelength excite the instability of many shear layers,120
resulting in a higher number density of vortices. Consequently, small-scale turbulent motions121
become more active, leading to an increased rate of turbulent kinetic energy dissipation, as122
well as enhanced enstrophy and strain amplifications. However, perturbations with a much123
larger wavelength, such as more than 100 times the Kolmogorov scale, do not affect the124
evolution of shear layers, and the increase in vortices due to promoted shear instability does125
not occur. The increase ratio in vortices resulting from perturbations with a wavelength126
of approximately 30 times the Kolmogorov scale remains quantitatively consistent across127
different Reynolds numbers when the perturbation amplitude normalised by the Kolmogorov128
velocity is fixed. Vortices increase more as the normalised amplitude becomes larger.129

The perturbation-induced instability of small-scale shear layers can be leveraged using130
weak disturbances to modulate turbulence. Similar strategies, based on other flow insta-131
bilities associated with large-scale characteristics defined by the mean flow distribution,132
have proven effective in previous studies (Cattafesta III & Sheplak 2011). One example133
is the initial instability of a jet near a nozzle, which can be manipulated to enhance or134
suppress jet development and concurrent scalar mixing (Longmire et al. 1992; Zaman et al.135
1994; Benard et al. 2008; Ito et al. 2018). This approach involves the manipulation of136
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the turbulent transition process at large scales, while the small-scale shear instability137
considered in this study occurs in a fully-developed turbulent region, which is, in the138
example case of the jet, a downstream region far from the nozzle. Therefore, these two139
approaches, involving large- and small-scale instabilities, are not competitive but can be140
complementarily used together in practical applications. The concept of utilising small-141
scale shear instability is relatively new but has been tested for turbulent entrainment, a142
pivotal process in which nearby non-turbulent fluid is drawn into a turbulent region. This143
phenomenon is observed in canonical turbulent flows such as jets, mixing layers and144
wakes (da Silva et al. 2014). Local entrainment in various flows occurs at small scales145
within a thin interface layer, known as the turbulent/non-turbulent interface (TNTI) layer146
(Holzner & Lüthi 2011; Wolf et al. 2012; Taveira & da Silva 2014; van Reeuwijk & Holzner147
2014; Watanabe et al. 2016c; Jahanbakhshi & Madnia 2016). Many vortex tubes and shear148
layers exist within the TNTI layer, influencing the entrainment process by drawing non-149
turbulent fluid into these structures and facilitating outward vorticity diffusion from their cores150
(da Silva et al. 2011; Jahanbakhshi et al. 2015; Watanabe et al. 2017; Neamtu-Halic et al.151
2020; Hayashi et al. 2021b). DNSs of a localised turbulent region have shown that when152
weak velocity perturbations with the unstable wavelength of small-scale shear layers are153
introduced into the turbulence, shear layers near the TNTI layer rapidly collapse, forming154
vortex tubes (Watanabe 2024a). This effect on shear layers results in an enhanced entrainment155
rate. Such an increase in the entrainment rate does not occur when the perturbation wavelength156
is not relevant to the shear instability. The enhancement of entrainment due to perturbations157
that excite the small-scale shear instability is consistently observed for 40 ≲ Reλ ≲ 300.158
Similar to the increase in vortices caused by the promoted shear instability, the increase ratio159
of the entrainment rate remains consistent across this Reλ range for the same perturbation160
amplitude normalised by the Kolmogorov velocity. A greater increase in the entrainment rate161
is observed as the normalised amplitude becomes larger.162

This example of entrainment enhancement by exciting small-scale shear instability indi-163
cates that this instability has other potential applications in the control and modulation of164
turbulent flows. One important issue is the enhancement of scalar mixing, which the present165
study addresses with numerical experiments following Watanabe (2024b). In intermittent166
turbulent flows involving passive scalar transfer, scalar mixing is strongly influenced by167
the entrainment process at the TNTI layer. The entrainment locally draws the outer fluid168
into turbulence, causing an inertial scalar transfer due to fluid motions. Due to the scalar169
differences between the turbulent and non-turbulent fluids, the entrainment introduces scalar170
fluctuations within the turbulent flow. Additionally, locally intense scalar gradients appear171
between the turbulent and non-turbulent regions, contributing to the high dissipation rate172
of scalar fluctuations (Westerweel et al. 2009; Gampert et al. 2014; Watanabe et al. 2015b,173
2016a; Silva & da Silva 2017; Elsinga & da Silva 2019; Kohan & Gaskin 2020). Particularly,174
scalar dissipation occurs due to small-scale scalar fluctuations, to which small-scale velocity175
fluctuations induced by the small-scale shear instability can have a significant impact.176

The current study explores the potential to enhance passive scalar mixing by inducing177
instability in small-scale shear layers using weak perturbations. To achieve this, DNSs are178
conducted on passive scalar mixing within a shear-free turbulent front, characterised as179
a localised turbulent flow without mean shear that evolves by entraining an outer non-180
turbulent fluid. This setup represents one of the simplest flows considered in previous studies181
to investigate intermittent turbulent flows (da Silva & Taveira 2010; Cimarelli et al. 2015).182
This particular flow is chosen for its simplicity; it has no mean shear, which prevents the183
generation of large-scale coherent structures whose properties strongly depend on flow types,184
yet it exhibits key features of turbulent mixing in intermittent flows, including entrainment,185
turbulent scalar transport and molecular diffusion. DNSs are employed to conduct numerical186
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experiments on the impacts of the sudden introduction of weak velocity perturbations at a187
single length scale. The perturbation wavelength is selected to excite the instability of small-188
scale shear layers. The present results reveal that the promoted instability has significant189
effects on scalar mixing at small scales, including alterations to the geometry of scalar190
isosurfaces and the statistics of scalar fluctuations.191

The paper is organised as follows. Section 2 describes the DNS of the shear-free turbulent192
front. Section 3 presents the post-processing procedures for the DNS data, which include193
the conditional statistics for the outer boundary of the scalar mixing layer and the scalar194
isosurface analysis with an isosurface area density. The results for the perturbation effects on195
the scalar field are presented in § 4. Finally, the paper is summarised in § 5.196

2. DNS of a shear-free turbulent front with passive scalar transfer197

2.1. A shear-free turbulent front with passive scalar transfer198

DNS is conducted for a shear-free turbulent front, a setup widely considered in previ-199
ous studies of turbulence with large-scale intermittency in the absence of mean shear200
(da Silva & Taveira 2010; Iovieno et al. 2014; Cimarelli et al. 2015). The numerical details201
align with those in our previous study on this flow (Watanabe 2024a,b). The initial condition202
features homogeneous isotropic turbulence (HIT) embedded in a quiescent fluid. The203
turbulent region expands by entraining the non-turbulent fluid. The cubic computational204
domain, with dimensions Lx × Ly × Lz = L3, is discretised into N3 grid points. The flow205
evolution is governed by the incompressible Navier–Stokes equations, coupled with the206
advection–diffusion equation for a passive scalar ϕ, expressed as follows:207

∂u j

∂x j
= 0, (2.1)208

∂ui
∂t
+
∂uiu j

∂x j
= − 1
ρ

∂p
∂xi
+ ν

∂2ui
∂x j∂x j

, (2.2)209

∂ϕ

∂t
+
∂u jϕ

∂x j
= D

∂2ϕ

∂x j∂x j
, (2.3)210

211

where t denotes time, xi position, ui the velocity vector, ρ density, p pressure, ν kinematic212
viscosity, ϕ a passive scalar and D the diffusivity coefficient for ϕ. The Schmidt number213
Sc = ν/D is assumed to be unity. An in-house finite difference code based on the214
fractional step method is utilised to solve the governing equations (Watanabe et al. 2020;215
Watanabe & Nagata 2023). Spatial discretisation employs a fourth-order fully conservative216
central difference scheme (Morinishi et al. 1998), while temporal discretisation uses a third-217
order Runge–Kutta scheme. The BiCGStab method is used to solve the Poisson equation for218
pressure.219

The initial velocity field is generated by modifying the velocity field in HIT, uHIT , with a220
following top-hat function C(y) as CuHIT :221

C(y) = 0.5 + 0.5tanh
[

4
∆I

(
1 − 2|y − L/2|

LT

)]
,222

where C(y) = 1 corresponds to the turbulent region (|y | ≲ LT/2) and C(y) = 0 outside223
it. Here, y = 0 denotes the centre of the flow, and (x, z) = (0, 0) marks the corner of224
the x–z plane. The turbulent front is statistically homogeneous in the x and z directions225
and expands in the y direction. The periodic boundary conditions are applied in the three226
directions. The statistics of HIT are evaluated using a spatial average in the computational227
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domain. Hereafter, the average is denoted by ⟨ f ⟩ while the fluctuating component of f is228
defined as f ′ = f − ⟨ f ⟩. The Kolmogorov length, velocity and time scales are defined as229
η = (ν3/⟨ε⟩)1/4, uη = (ν⟨ε⟩)1/4 and τη = (ν/⟨ε⟩)1/2, respectively, with the kinetic energy230
dissipation rate ε = 2νSi jSi j and the rate-of-strain tensor Si j = (∂ui/∂x j + ∂u j/∂xi)/2. The231
statistics evaluated for HIT are indicated with the subscript 0, e.g. η0. The present DNSs232
adopt LT = L/3 and ∆I = 10η0, representing the initial thicknesses of the turbulent front and233
the interfacial layer, respectively. The scalar distribution of the initial condition is defined by234
ϕ = C(y).235

The initial field is generated using a DNS database of statistically steady HIT subject236
to a linear forcing (Carroll & Blanquart 2013). This database has also been employed237
in our previous studies for investigating the shear layers in HIT (Watanabe et al. 2020;238
Watanabe & Nagata 2023). The HIT was simulated within a triply periodic domain. The239
present study utilises two DNS databases with the integral-scale based Reynolds number240
ReL0 = urms0LI0/ν set at either 350 or 2200, where the root-mean-squared (rms) value241

of velocity fluctuations is urms =
√
⟨u′2⟩ and the characteristic length at large scales is242

LI = u3
rms/⟨ε⟩. Here, ReL0 was evaluated using both time and spatial averages. The size243

of the computational domain, L3, was set as L = 5.3LI0. The integral time scale of HIT,244
denoted as T0, can be defined as T0 = LI0/urms0.245

For ReL0 = 350, five simulations of the shear-free turbulent front are conducted using246
five independent snapshots of HIT as the initial conditions. In contrast, one simulation247
is conducted for ReL0 = 2200. The number of small-scale structures increases as the248
Reynolds number increases. Given that the present study focuses on shear instability at small249
scales, more simulations are required for a lower ReL0 case to achieve sufficient statistical250
convergence (Hayashi et al. 2021a). The turbulent Reynolds numbers Reλ = urmsλ/ν251
evaluated with the snapshots of HIT are Reλ0 = 72 and 202 for ReL0 = 350 and 2200,252

respectively, where λ =
√

15νu2
rms/⟨ε⟩ is the Taylor microscale. The ratios between the253

Taylor microscale and the Kolmogorov scale are λ/η = 17.0 and 27.9 for ReL0 = 350254
and 2200, respectively. For these Reλ0 values, the shear layer characteristics normalised by255
Kolmogorov scales are independent of the Reynolds number (Watanabe et al. 2020). The256
number of grid points N3 are 5123 and 20243 for ReL0 = 350 and 2200, respectively. The257
spatial resolution ∆ = L/N is about 0.8η0 in the HIT simulations. The same computational258
parameters are used in the main simulation of the turbulent front, where the velocity field of259
HIT is modified with C(y). Due to the increase in η over time as the turbulence decays, ∆/η260
continuously decreases during the simulation of the turbulent front. Figure 1 visualises the261
growth of the turbulent front with two-dimensional profiles of ϕ. The present study defines262
the region 0 < ϕ < 1 as a scalar mixing layer, which spatially develops over time. Initially,263
two scalar mixing layers are present on both sides of the turbulent region, and each scalar264
mixing layer spreads both outward and inward relative to the turbulent front. Consequently,265
the centre of the turbulent front (y = 0) is influenced by both scalar mixing layers.266

2.2. Perturbations introduced in the shear-free turbulent front267

This study investigates the effects of velocity perturbations introduced into the turbulent268
front on passive scalar mixing, with a focus on perturbations whose wavelength corresponds269
to the unstable mode of small-scale shear layers. Drawing on insights from an earlier270
study of the perturbation effects in decaying HIT (Watanabe & Nagata 2023), solenoidal271
perturbations are superimposed on the velocity field after the flow evolves over 0.5T0. By272
this time, the influence of the initialisation with the artificial interface has disappeared, as273
confirmed by velocity gradient statistics near the TNTI layer. Figure 2 presents the normalised274
longitudinal energy spectra of u at the centre of the turbulent front, calculated at t = 0.5T0275
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Figure 1: Temporal evolution of the shear-free turbulent front visualised by passive scalar
ϕ: (a) t = 7τη0, (b) t = 14τη0 and (c) t = 21τη0 in R2200.
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Figure 2: Normalised longitudinal energy spectra of u, Eu (kx ), at the centre of the
turbulent front (y = 0) at the moment of perturbation introduction. The spectra are

evaluated without perturbations. The present DNS results are compared with experiments
of a turbulent round jet at Reλ ≈ 170 (Sadeghi et al. 2014) and active-grid turbulence at
Reλ ≈ 240 (Zheng et al. 2021). The spectra Eu and the wavenumber in the x-direction,

kx , are normalised by the mean kinetic energy dissipation rate ⟨ε⟩, kinematic viscosity ν
and Kolmogorov scale η.

before the introduction of perturbations, for ReL0 = 350 and 2200. For the low ReL0 case,276

the scale separation between large and small scales is insufficient to observe the k−5/3
x277

law. This power law is observed for ReL0 = 2200. The DNS results for ReL0 = 2200278
generally agree with experimental data from a round jet (Sadeghi et al. 2014) and active-grid279
turbulence (Zheng et al. 2021).280

Three cases are tested for the perturbation location: within the turbulent front, outside281
the turbulent front, and across the entire flow region. The perturbations are represented by282
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sinusoidal functions as follows:283

uP =

[
u f sin

(
2πy
λ f

)
, u f sin

(
2πz
λ f

)
, u f sin

(
2πx
λ f

)]
,284

which satisfies a divergence-free condition. The wavelength λ f and the amplitude u f are the285
perturbation parameters. The turbulent region can be identified by the vorticity magnitude286
ω = |∇ × u | (Bisset et al. 2002). With the mean vorticity magnitude ⟨ω⟩ at the centre, y = 0,287
the turbulent and non-turbulent regions are defined as ω/⟨ω⟩ ⩾ ωth and ω/⟨ω⟩ < ωth,288
respectively. An appropriate value for the threshold ωth is within the range where the289
detected turbulent volume remains unchanged with a variation of ωth (Taveira et al. 2013).290
Based on this criterion,ωth = 0.01 is used to identify the turbulent front. Appendix A details291
the method used to determine ωth. The detection function is defined as Xω = 0 and 1 in292
the turbulent and non-turbulent regions, respectively. External perturbations are defined as293
XωuP , while internal ones are (1 − Xω)uP . These velocity perturbations are superimposed294
on the velocity field of the turbulent front. When the perturbation is introduced throughout295
the entire flow region, uP is added uniformly to the velocity field across the entire domain.296
A similar approach was also adopted in DNS of a temporally developing turbulent boundary297
layer subject to freestream turbulence (Kozul et al. 2020). Perturbation parameters λ f and298
u f are set according to the Kolmogorov scales. The scale evaluation is based on the volume299

average in the turbulent region, defined as ⟨ f ⟩V = V−1
ω

#
V (1−Xω) f dxdydz with the volume300

integral in the computational domain, where Vω is the turbulent volume. The Kolmogorov301
length, time and velocity scales calculated with the volume-averaged energy dissipation rate302
inside the turbulent region at the time of perturbation introduction are denoted by ηP , τηP303
and uηP , respectively. These scales are used to determine the computational parameters as304
described below.305

The present study employs numerical simulations to implement idealised perturbation306
conditions, such as maintaining a consistent normalised amplitude across different Reynolds307
numbers, to explore the effects of perturbations at the unstable wavelength of shear layers. This308
approach allows for precise control over experimental variables, which can be challenging309
to achieve in laboratory experiments. However, in laboratory settings, various methods are310
available for introducing these perturbations. Placing an object with a specific target length311
scale in a mean flow can induce velocity fluctuations, as demonstrated by spectral analyses312
of various wakes in previous studies (Britter et al. 1979; Nagata et al. 2020b; Kato et al.313
2022). Another method involves using fluidic actuators, which can adjust their actuation314
frequency or spatial arrangement to generate flow disturbances at a specific length scale315
(Cattafesta III & Sheplak 2011).316

2.3. Computational parameters317

The main computational and physical parameters are summarised in table 1. The simulations318
of turbulent fronts without any perturbations are designated as Ra, where a represents the319
Reynolds number, with a = 350 and 2200 denoting ReL0 = 350 and 2200, respectively. Cases320
incorporating perturbations are designated as RaLbn, where b specifies the perturbation321
wavelength λ f as λ f = bηP , and n = e, i or ei indicates the perturbation location.322
Perturbations are introduced outside the turbulent front for n = e (external perturbations),323
inside the turbulent front for n = i (internal perturbations), and throughout the entire domain324
for n = ei. Perturbations with b ≈ 30 possess the wavelength close to the unstable mode of325
small-scale shear layers. The wavelength dependence is thoroughly examined for ReL0 = 350326
with external perturbations with λ f between 8ηP and 210ηP . For ReL0 = 2200, two cases,327
R2200 and R2200L30e, are simulated. Additionally, perturbations inside the turbulent front328
or in the entire flow region with λ f = 30ηP are tested for ReL0 = 350, denoted as R350L30i329
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Table 1: Computational parameters of DNS.

Run ReL0 Reλ Perturbation types u f /uηP λ f /ηP kP/kT ∆/η

R350 350 55–72 Without perturbation 0 – 0 0.55–0.82
R350L8e 350 55–72 External perturbation 1.4 8 6.0% 0.55–0.82
R350L12e 350 55–72 External perturbation 1.4 12 6.0% 0.55–0.82
R350L16e 350 55–72 External perturbation 1.4 16 6.0% 0.55–0.82
R350L20e 350 55–72 External perturbation 1.4 20 6.0% 0.55–0.82
R350L24e 350 55–72 External perturbation 1.4 24 6.0% 0.55–0.82
R350L28e 350 55–72 External perturbation 1.4 28 6.0% 0.55–0.82
R350L30e 350 55–72 External perturbation 1.4 30 6.0% 0.55–0.82
R350L32e 350 55–72 External perturbation 1.4 32 6.0% 0.55–0.82
R350L36e 350 55–72 External perturbation 1.4 36 6.0% 0.55–0.82
R350L40e 350 55–72 External perturbation 1.4 40 6.0% 0.55–0.82
R350L44e 350 55–72 External perturbation 1.4 44 6.0% 0.55–0.82
R350L52e 350 55–72 External perturbation 1.4 52 6.0% 0.55–0.82
R350L68e 350 55–72 External perturbation 1.4 68 6.0% 0.55–0.82
R350L84e 350 55–72 External perturbation 1.4 84 6.0% 0.55–0.82
R350L116e 350 55–72 External perturbation 1.4 116 6.0% 0.55–0.82
R350L210e 350 55–72 External perturbation 1.4 210 6.0% 0.55–0.82
R350L30i 350 53–72 Internal perturbation 1.4 30 6.0% 0.56–0.82
R350L30ei 350 53–72 Perturbation in an entire flow region 1.4 30 6.0% 0.56–0.82

R2200 2200 131–202 Without perturbation 0 – 0 0.68–0.82
R2200L30e 2200 131–202 External perturbation 1.4 30 2.5% 0.68–0.82

and R350L30ei, respectively. An example of external perturbations is shown in figure 3(a),330
which visualises the enstrophy field in R2200L30e. The passive scalar at the same visualised331
plane is shown in figure 3(b). The present study delves into how these perturbations affect332
passive scalar mixing.333

The present study focuses on the instability of small-scale shear layers. The instability334
wavelength of shear layers is determined by their thickness, which is proportional to335
the Kolmogorov scale (Corcos & Lin 1984; Watanabe & Nagata 2023). In addition, the336
mean velocity jump across the shear layers is also proportional to the Kolmogorov veloc-337
ity (Watanabe et al. 2020). These velocity and thickness scales indicate that the time scale338
of shear layer evolution is determined by the Kolmogorov time scale, as confirmed by the339
observed process of vortex formation due to small-scale shear instability (Watanabe et al.340
2020). Therefore, the perturbation parameters and simulation time are chosen based on341
the Kolmogorov scales. All perturbations have the same amplitude of u f = 1.4uηP . In342
all simulations, the perturbations are imposed at t = 0.5T0, and then the flow evolution343
is simulated over 15τηP until t = 0.5T0 + 15τηP . Time after introducing perturbations is344
denoted by τ = t − 0.5T0. Table 1 includes the turbulent Reynolds number Reλ and spatial345
resolution ∆/η at the flow centre, y = 0, at t = 0 and 0.5T0 + 15τηP . For the sinusoidal346
velocity perturbations, the kinetic energy per unit mass added by the perturbations, kP ,347
depends on u f but is independent of λ f . The table also presents kP normalised by the348

turbulent kinetic energy kT = ⟨u′2 + v′2 + w′2⟩/2 at the centre of the turbulent front at the349
time of perturbation introduction. Under the present conditions, values of kP/kT are 6.0%350
for ReL0 = 350 cases and 2.5% for ReL0 = 2200 cases, indicating that the perturbations are351
weaker than the turbulent velocity fluctuations. Since the normalised Kolmogorov velocity352
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Figure 3: Two-dimensional profiles of (a) enstrophy ω2/2 and (b) passive scalar ϕ at
τ/τηP = 1.1 in R2200L30e, where enstrophy is normalised by L0 and urms0 such that
ω̂2/2 = (ω2/2)/(u2

rms0/L
2
0). (c) Local coordinate ζI defined for detailed analysis near the

outer boundary of the scalar mixing layer.

uηP/
√

kT decreases with the Reynolds number, kP/kT with a fixed value of u f /uηP = 1.4353
becomes smaller as the Reynolds number increases.354

More thorough investigations into the dependencies on Reynolds number and perturbation355
parameters were conducted in Watanabe & Nagata (2023) and Watanabe (2024a). These356
studies focused on the increased number of vortex tubes and concomitant changes in turbulent357
characteristics, such as the energy dissipation rate and entrainment rate defined by enstrophy358
transport, which occur when the perturbation wavelength matches the unstable mode of small-359
scale shear layers. DNS within the range of 40 ≲ Reλ ≲ 300 in these studies demonstrated360
that the effects of perturbations with λ f /ηP ≈ 30 are unaffected by the Reynolds number,361
provided that u f /uηP is identical. Furthermore, the degree of turbulence modulation is well362
characterised by u f /uηP rather than u f normalised by the root-mean-square of velocity363
fluctuations, i.e. the velocity scale at large scales. An increase in u f /uηP results in more364
pronounced effects on the small-scale shear layers. For this reason, the present study conducts365
all DNS for u f /uηP = 1.4, and any increase or decrease in u f /uηP would result in stronger and366
weaker but qualitatively similar effects of perturbation. Another type of perturbation, such367
as random velocity fluctuations generated with an inverse fast Fourier transform by adapting368
random phases and a predetermined energy spectrum, also yielded almost identical results369
to sinusoidal perturbations with a constant phase. The time scale of the shear instability370
promoted by perturbations is also determined by the Kolmogorov time scale. Therefore,371
the simulation duration in this study is determined by τηP . These previous studies provide372
supplemental information to the present DNS, which focuses on the perturbation effects on373
passive scalar mixing.374

The turbulent front subject to external perturbations relates closely to studies of the375

Rapids articles must not exceed this page length
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interface between two different turbulent regions, known as a turbulent/turbulent interface376
(TTI) layer. A similar layer forms between the turbulent front and external perturbations,377
although the perturbations do not have turbulence properties. Recent studies have demon-378
strated that the interface geometry and entrainment rate of primary turbulence are altered379
by the effects of background turbulence (Kankanwadi & Buxton 2020; Kohan & Gaskin380
2022; Chen & Buxton 2023; Huang et al. 2023). These studies mostly focus on large-scale381
background turbulence with an integral scale similar to that of primary turbulence. The382
TTI layer forms along shear layers (Nakamura et al. 2023). Background turbulence can383
influence this layer in ways similar to the external perturbations considered in this study.384
Although sinusoidal perturbations lack the multi-scale nature of background turbulence,385
the insights from this study on the effects of small-scale shear instability are valuable for386
understanding how small-scale velocity fluctuations in background turbulence influence the387
TTI layer. Related studies investigate turbulent boundary layers developing in freestream388
turbulence (Hancock & Bradshaw 1989; Sharp et al. 2009; Nagata et al. 2011; Dogan et al.389
2016; Wu et al. 2019; Kozul et al. 2020; Jooss et al. 2021). These studies typically evaluate390
the length of freestream turbulence in terms of boundary layer thickness, whereas the primary391
parameter in the present study is the length scale ratio between the perturbation scale and392
the Kolmogorov scale. For this reason, direct comparisons of the present DNS with these393
previous studies are not feasible. However, the effects of small-scale freestream turbulence394
on the fully-developed turbulent boundary layer may be relevant to the present simulations395
involving small-scale perturbations.396

Shear layers have also been identified between uniform momentum zones in wall-bounded397
shear flows (Eisma et al. 2015; Fan et al. 2019; Gul et al. 2020; Chen et al. 2021; Kwon et al.398
2014). These shear layers exhibit a thickness close to the Taylor microscale and may differ399
from the small-scale shear layers examined in this study. However, as these shear layers400
separate distinct flow regions with differing characteristics, turbulent motions near the shear401
layers may influence their instability, similar to the perturbation effects observed on shear402
layers in the present DNS.403

3. Analyses of the passive scalar field in the turbulent front404

3.1. Conditional statistics405

The effects of perturbations that promote small-scale shear instability are examined for the406
scalar mixing layer, which is characterised by the scalar field (Bilger et al. 1991; Iovieno et al.407
2014). This layer exhibits external intermittency similar to jets and wakes: both external and408
internal fluids of the scalar mixing layer are observed at a fixed y position, as visibly shown409
in figure 3(b). Spatial averages taken on x–z planes, ⟨ f ⟩, define conventional statistical410
quantities, which may not accurately reflect the properties of the scalar mixing layer because411
they include areas outside it as statistical samples. The external perturbations considered in412
this study influence the mixing process through the outer interfacial layer that appears on the413
low-ϕ side. This layer resembles the TNTI layer, whose properties have been investigated414
using conditional statistics calculated as functions of the distance from the vorticity isosurface415
bounded by non-turbulent fluids (Bisset et al. 2002). The present study adopts a similar416
methodology to explore the progress of mixing in the scalar mixing layer. The outer boundary417
of the scalar mixing layer is defined as a scalar isosurface at ϕ = ϕth (Bilger et al. 1976;418
Chen & Blackwelder 1978; Murlis et al. 1982; Kim & Bilger 2007). This threshold-based419
approach has successfully identified the boundaries of the scalar mixing layers in other flow420
configurations (Blakeley et al. 2023; Nakamura et al. 2023). In all simulations, the present421
study adopts ϕth = 0.02. This threshold is determined using the same methodology as ωth422
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for detecting the turbulent front. Appendix A provides details on how ϕth = 0.02 is chosen423
and examines the ϕth dependence of the main results presented in this paper.424

Conditional statistics are evaluated as functions of the distance from the scalar isosurface425
of ϕ = ϕth. At each point on this scalar isosurface, a local coordinate ζI is introduced,426
aligned with the direction normal to the surface, n = −∇ϕ/|∇ϕ|. In this setup, ζI > 0 and427
ζI < 0 correspond to regions outside and inside the scalar mixing layer, respectively. This428
local coordinate is discretised with a constant spacing of 0.5η, where η is evaluated at the429
centre of the turbulent front. The range examined for ζI spans from −50 ⩽ ζI/η ⩽ 50.430
Variables defined on the DNS grids are interpolated onto the discretised points of ζI using431
tri-linear interpolation. This interpolation process is repeated for all local coordinates defined432
at different positions on the scalar isosurface. Subsequently, ensemble averages are evaluated433
as functions of ζI . This average is denoted by ⟨ f ⟩I . Importantly, regions with ϕ > ϕth and434
ϕ < ϕth are excluded from the averaging procedures for ζI > 0 and ζI < 0, respectively,435
ensuring that the statistics are calculated solely for the inside or outside of the scalar mixing436
layer. This methodology mirrors the approach used in evaluating the conditional statistics437
near the TNTI layer, and further details can be found in Watanabe et al. (2018).438

3.2. Analysis of scalar isosurface439

The behaviour of the scalar isosurface is crucial in the development of the scalar mixing440
layer. This surface is analysed using the isosurface area density Σ′ following the scalar441
isosurface analysis methodologies employed in mixing layers (Blakeley et al. 2022, 2023).442
The description of the isosurface area density provided herein aligns with these original443
papers, which should be referred to for further details. Here, the outer boundary of the scalar444
mixing layer is analysed with the isosurface area density of the scalar isosurface ϕ = ϕth.445
An indicator function, Xϕ (x, y, z), is introduced with the following definition:446

Xϕ (x, y, z) =
1 for (ϕ(x, y, z) ⩽ ϕth)

0 for (ϕ(x, y, z) > ϕth)
. (3.1)447

448

The isosurface area density, expressed as Σ′ = |∇ϕ|δ(ϕ − ϕth) with the delta function, is449
defined such that its volume integral over the computational domainV yields the isosurface450
area A, as A =

#
V Σ

′dxdydz (Pope 1988). Equation (3.1) can be reformulated using the451
Heaviside function H as X[ϕ(x, y, z)] = H[−(ϕ− ϕth)]. From this, the following expression452
for the isosurface area density is derived by utilising the relationship between the delta and453
Heaviside functions:454

Σ
′(x, y, z) = − 1√

(∂ϕ/∂xi)2

∂Xϕ

∂x j

∂ϕ

∂x j
. (3.2)455

456

For any function f , its surface integral, denoted as [ f ]S , is expressed with a volume integral,457
[ f ]S =

#
V f Σ′dxdydz, while the surface average, ⟨ f ⟩S , is written as ⟨ f ⟩S = [ f ]S/A.458

The evolution of the scalar mixing layer is intricately linked to the propagation of the459
scalar isosurface, influenced by the diffusive effects on ϕ. This study specifically focuses on460
the low-ϕ side, namely the isosurface of ϕ = ϕth, where external perturbations significantly461
affect the mixing process. A scalar isosurface at a point (x, y, z) propagates with a speed462
of vP = |∇ϕ|−1D∇2ϕ in the direction represented by n = −∇ϕ/|∇ϕ|. The volume of fluid463
enclosed by the scalar isosurface is calculated by integrating 1−Xϕ over the domain, denoted464

as VS =
#
V (1 − Xϕ)dxdydz. The growth rate of this volume, V̇S = dVS/dt, is expressed465

through the isosurface integral of vP as V̇S = [vP]S . This metric quantifies the amount of466
fluid drawn into the scalar mixing layer due to molecular diffusion on the low-ϕ side. Here,467
positive V̇S values indicate an expansion of the scalar mixing layer. The mean propagation468
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Figure 4: Lateral profiles of (a) turbulent kinetic energy kT and (b) skewness and flatness
of lateral velocity, respectively denoted by Sv and Fv , in R2200.

velocity is then defined as VP = [vP]S/A. These metrics are employed to assess the effects469
of perturbations on the growth of the scalar mixing layer.470

The growth of the scalar mixing layer is critically influenced by the area of the scalar471
isosurface, A. The temporal evolution of A normalised by the surface area of an x–z plane of472
the computational domain, A′ = A/LxLz , is related to the governing equation of the mean473
isosurface area density Σ(y, t) = ⟨Σ′⟩, which is expressed as follows:474

∂Σ

∂t
+
∂⟨ui⟩SΣ
∂xi

= −
⟨
nin j
∂ui
∂x j

⟩
S

Σ − ∂
∂xi

(⟨vPni⟩SΣ) +
⟨
vP
∂ni
∂xi

⟩
S

Σ. (3.3)475
476

The normalised surface area, A′(t), is also expressed as A′(t) =
∫ Ly/2
−Ly/2

Σ dy. For the current477

flow configuration, which exhibits statistical homogeneity in the x and z directions, the478
governing equation for A′ is derived by integrating the above equation as:479

∂A′

∂t
= −

∫ Ly/2

−Ly/2

⟨
nin j
∂ui
∂x j

⟩
S

Σdy +
∫ Ly/2

−Ly/2

⟨
vP
∂ni
∂xi

⟩
S

Σdy = PA + DA. (3.4)480
481

Here, PA represents the surface deformation due to the local velocity gradient, effectively482
capturing the mechanical effects of the turbulence on the isosurface. The second term DA483
denotes the impact of isosurface propagation caused by molecular diffusion. The decomposi-484
tion of the velocity gradient tensor into the rate-of-strain tensor Si j = (∂ui/∂x j +∂u j/∂xi)/2485
and the rate-of-rotation tensor Ωi j = (∂ui/∂x j − ∂u j/∂xi)/2 yields nin j (∂ui/∂x j ) =486
nin jSi j + nin jΩi j , where PA is expressed in terms of these components. Since Ωi j is an487
anti-symmetric tensor, it follows that nin jΩi j = 0. Thus, PA represents the change in the488
isosurface area due to the fluid deformation characterised by Si j .489

4. Results and discussion490

4.1. The development of the turbulent front and perturbations491

The fundamental properties of the shear-less turbulent front are examined through the lateral492
profiles of velocity statistics, with results presented for y ⩾ 0 due to statistical symmetry at493
y = 0. Figure 4(a) showcases the lateral profiles of turbulent kinetic energy kT = ⟨u′2+ v′2+494
w′2⟩/2 in R2200. In the central region, kT exhibits a uniform distribution and decays over495
time. For y/L0 > 1, kT increases with time owing to the spatial development of the turbulent496
front, which reduces the uniform kT region.497

Figure 4(b) illustrates the skewness and flatness of the lateral velocity component, defined498
as Sv = ⟨v′3⟩/v3

rms and Fv = ⟨v′4⟩/v4
rms, respectively. For reference, the skewness and499
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Figure 5: Temporal variations of turbulent kinetic energy in the perturbation region,
kT (τ), normalised by its initial value, kT (τ = 0). Results from the R350 series with

external perturbations are compared for different wavelengths λ f /ηP .

flatness values of a Gaussian probability distribution are Sv = 0 and Fv = 3, respectively.500
In the central region, the values are approximately Sv ≈ 0 and Fv ≈ 3. When two turbulent501
flows with different scales interact, such as in a shear-less turbulent mixing layer formed502
between different grid turbulence generated by two grids, the intermittency of large-scale503
motions can lead to increases in Sv and Fv (Veeravalli & Warhaft 1989; Kang & Meneveau504
2008; Matsushima et al. 2021; Nakamura et al. 2022). These studies have shown that large-505
scale motions from a high turbulent kinetic energy region intermittently penetrate into a506
low turbulent kinetic energy region. The current results with one side remaining irrotational507
also highlight increases in Sv and Fv with peaks occurring between 1.3 < y/L0 < 1.4. The508
development of the flow causes an outward shift in the locations of these peaks. The present509
DNS, initiated by inserting HIT into quiescent fluid, effectively reproduces the large-scale510
intermittency characteristic of this flow. Here, Sv > 0 is associated with large-scale turbulent511
motions penetrating into the non-turbulent region, where velocity fluctuations are primarily512
governed by irrotational motion induced by turbulence (da Silva & Pereira 2008). Even in513
the non-turbulent region at y/L0 ≈ 2, Sv maintains a small but non-zero value, indicating514
the influence of intermittent turbulent motion that causes Sv > 0.515

The perturbations introduced at a given time instance subsequently decay over time.516
Figure 5 illustrates the decay of perturbations by plotting the turbulent kinetic energy of517
external perturbations as a function of time. The R350 series is compared for different518
wavelength values. Here, the turbulent kinetic energy kT is evaluated by calculating the519
spatial average of (u2 + v2 + w2)/2 over |y/L0 | > 2.0, which is always outside the turbulent520
front. Small-scale perturbations tend to decay rapidly with time. For λ f /ηP = 8–16, kT521
reaches a minimum value and then begins to increase, driven by velocity fluctuations from522
large-scale motions induced by the turbulent front. Thus, the direct effects of small-scale523
perturbations are significant only at early times. As the wavelength increases, the decay of524
perturbation energy slows, allowing the external perturbations to continuously influence flow525
evolution.526

4.2. External perturbation effects on the outer boundary of scalar mixing layer527

The effects of external perturbations on the outer boundary of the scalar mixing layer,528
delineated by the scalar isosurface, are examined herein. Previous DNS studies indicate529
that small-scale shear layers predominantly manifest within the TNTI layer, forming at530
the outer boundary of the turbulent front (Hayashi et al. 2021b). The external perturbations,531
particularly those with the unstable wavelength of small-scale shear instability, are anticipated532
to significantly influence the evolution of shear layers near this boundary. Figure 6 visualises533
the evolution of shear layers near the boundary, viewed from the direction of y > 0. The triple534
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Figure 6: Temporal evolutions of small-scale shear layers and vortex tubes at different
time instances (τ/τηP = 1.3, 3.7, 5.5 and 7.3) progressing from left to right in each panel:

(a) R350, (b) R350L30e and (c) R350L210e. The shear layers (grey) and vortex tubes
(orange) are visualised respectively by the isosurfaces of shear intensity IS = 1.5⟨IS⟩ and
rigid-body-rotation intensity IR = 3⟨IR⟩, with averages used as reference values taken at

the flow centre. The visualised domain is a cube of size L3
0, with the walls coloured by IS .

decomposition of the velocity gradient tensor is employed to quantify the intensities of shear535
and rigid-body rotation, denoted by IS and IR respectively (Hayashi et al. 2021a). The shear536
layers and vortex tubes are identified using IS and IR, respectively. While the perturbations537
contribute to vorticity outside the scalar mixing layer, they are too weak to be recognised as538
shear layers or vortex tubes. When no perturbations are added in R350, as shown in figure 6(a),539
the shear layer labeled as ‘S’ evolves over time without producing any vortex tubes. In540
contrast, the introduction of a perturbation with the unstable wavelength in R350L30e leads541
to the formation of a vortex tube, labeled as ‘V’ in figure 6(b). This promotion of vortex542
formation is absent in R350L210e, which uses a larger perturbation wavelength, as visualised543
in figure 6(c). Similarly, no vortex formation is promoted in R350L8e (not shown here),544
which employs a much smaller wavelength than the unstable one. External perturbations545
introduced outside the turbulent front prove effective in exciting small-scale shear instability546
near the boundary only when the wavelength approximates 30 times the Kolmogorov scale,547
which aligns with the unstable mode of the shear layers. This finding is consistent with548
numerical experiments involving internal perturbations (Watanabe & Nagata 2023; Watanabe549
2024a), where artificial velocity perturbations of about 30 times the Kolmogorov scale, when550
superimposed inside turbulence, cause many small-scale shear layers to become unstable and551
produce vortex tubes.552

Figure 7(a) displays the temporal variation of the surface-integrated propagation velocity553
of the scalar isosurface, V̇S = [vP]S , which represents the growth rate of the scalar554
mixing layer contributed from the low-scalar-value sides. Here, the integral is taken for555
the scalar isosurfaces on both flow sides. The effects of perturbations are compared across556
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Figure 7: (a) Growth rate V̇S of the scalar mixing layer contributed from the low-scalar
side in the series of R350. (b) Increase ratio in V̇S due to external perturbations, denoted

as ∆V̇S .

the R350 series. The growth rate is significantly enhanced by perturbations with the unstable557
wavelength of shear layers in R350L30e compared to the baseline case R350. A subtle558
increase is observed for R350L210e with a larger wavelength, while the growth rate remains559
largely unaffected in the case of a smaller wavelength. All cases adopt the same perturbation560
amplitude, illustrating that perturbations efficiently increase the growth rate when the561
wavelength matches the unstable mode of small-scale shear layers. Figure 7(b) shows the562
relative change in V̇S , denoted as ∆V̇S . Throughout the paper, ∆ f is defined as ( f1 − f2)/ f2,563
where f1 and f2 are statistical quantities in simulations with and without perturbations,564
respectively. The perturbation effect becomes increasingly pronounced in V̇S with time, with565
increments due to perturbations exceeding 10% from the baseline cases in R350L30e and566
R2200L30e. The increases in V̇S in R350L30e and R2200L30e are almost identical despite567
differing Reynolds numbers. These two cases with the unstable wavelength of shear layers568
adopt the same normalised perturbation amplitude u f /uηP = 1.4, and the perturbation in569
R2200L30e with smaller uηP has less kinetic energy than that in R350L30e. Therefore, even570
a weaker perturbation can lead to the same enhancement effect on the growth rate of the571
scalar mixing layer at a higher Reynolds number. The peak in ∆V̇S is attained at τ/τηP ≈ 11572
in both R350L30e and R2200L30e, suggesting that the time scale for enhancing the scalar573
mixing layer growth is related to the Kolmogorov time scale. This temporal evolution aligns574
with the visualisation of the unstabilised shear layer in figure 6(b), where vortex formation575
due to the perturbation occurs over a span of about 10τηP . These scalings based on uηP and576
τηP relate to the scaling of small-scale shear layers, whose characteristic velocity and length577
scales are uη and η, respectively (Watanabe et al. 2020; Fiscaletti et al. 2021).578

The growth rate V̇S is expressed as V̇S = AVP , where A is the isosurface area and VP579
is the mean propagation velocity. Figure 8(a) illustrates the relative change in A due to580
perturbations, denoted as ∆A. The temporal variation of ∆A closely mirrors that of ∆V̇S , with581
the surface area also increasing by more than 10%, comparable to the peak in ∆V̇S , when the582
perturbations feature the unstable wavelength of small-scale shear layers. Thus, the increase583
in V̇S is predominantly driven by the perturbation effect on A, although VP also experiences584
a slight increase due to the perturbation (the increase is less than 1.5% and is not shown in585
the figure). Consequently, the rapid growth of the scalar mixing layer in cases R350L30e586
and R2200L30e is attributed to the enlarged area of the outer boundary of the scalar mixing587
layer, facilitating efficient scalar transfer from the inside to the outside, thereby expanding588
the scalar mixing layer.589

The increases in the growth rate, ∆V̇S , and the surface area, ∆A, are similar for R350L30e590
and R2200L30e, both of which use the same normalised perturbation parameters, λ f /ηP =591
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Figure 8: (a) Relative change in the scalar isosurface area A due to external perturbations,
denoted as ∆A. (b) Production and destruction terms of the normalised surface area A′

and their balance Ȧ′, described by (3.4), in R350 and R350L30e.

30 and u f /uηP = 1.4. Watanabe & Nagata (2023) investigated the effects of perturbations592
on decaying isotropic turbulence using the same approach as the present study. Perturbations593
with λ f /ηP = 30 resulted in an increase in the number of vortices generated by the instability594
of small-scale shear layers. The increase ratio remained consistent across different Reynolds595
number cases when u f /uηP was held constant. This behaviour aligns with the comparable596
increase in V̇S and A observed for R350L30e and R2200L30e.597

A similar influence of the promoted instability was reported for turbulent entrainment,598
whose rate increases when the small-scale shear layers become unstable by internal per-599
turbations (Watanabe 2024a). The entrainment rate is defined as the surface integral of600
the propagation velocity of the enstrophy isosurface (Holzner & Lüthi 2011). Enhanced601
entrainment is attributed to an enlarged isosurface area and an increased mean propagation602
velocity of the enstrophy isosurface, both contributing comparably to the increase in the603
entrainment rate. In contrast, for the growth rate of the scalar mixing layer, the increase604
in surface area predominates. Therefore, the enhancements in the entrainment rate and the605
growth rate of the scalar mixing layer are driven by different mechanisms. The small-scale606
shear instability promoted by internal perturbations amplifies enstrophy production due to607
vortex stretching (Watanabe & Nagata 2023), which potentially enhances enstrophy diffusion608
from turbulent to non-turbulent regions, thereby increasing the mean propagation velocity609
of the enstrophy isosurface.610

The mechanism by which the perturbation increases the surface area can be examined611
with (3.4). Figure 8(b) presents a comparison between R350 and R350L30e in the temporal612
variations of the time derivative of the normalised surface area Ȧ′ = dA′/dt and the two terms613
PA and DA in (3.4). The results for R350 indicate that PA > 0 and DA < 0 contribute to the614
production and destruction of surface area, respectively. The roles of PA and DA align with615
those observed for the scalar isosurface in a turbulent mixing layer (Blakeley et al. 2023).616
Even without perturbations, PA exceeds DA, resulting in an increase in surface area over617
time. The introduction of perturbations that lead to small-scale shear instability affects both618
terms significantly. Initially, PA increases compared to the baseline case, followed by a rise619
in the magnitude of DA. The faster increase in PA leads to an increase in the surface area with620
large Ȧ′ in R350L30e. It is suggested that the enhanced shear instability excites small-scale621
turbulent motions (Watanabe & Nagata 2023), which in turn amplify the velocity gradients622
contributing to PA. Consequently, the increase in the surface area is explained by the surface623
deformation at small scales. This deformation results in a more complex geometry of the624
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Figure 9: (a) Plots of the number of boxes, N∆, required to cover the scalar isosurface at
τ/τηP = 13 for R350, R350L30e, R2200 and R2200L30e, with box size ∆. (b) Temporal
variations of the fractal dimension D f , evaluated by fitting the power law N∆ ∼ ∆−D f .

surface, affecting the destruction term DA, defined with the divergence of the surface normal625
vector ∂ni/∂xi , at a later time.626

The scalar isosurface in turbulence exhibits fractal properties, crucial for understanding627
the scaling of its surface area. This study evaluates the fractal dimension D f of the scalar628
isosurface using a three-dimensional box-counting method, which counts the number of629
cubic boxes, N∆, required to cover the surface as a function of the box size ∆. The calculation630
of N∆ is performed separately for the scalar isosurfaces on the y > 0 and y < 0 sides.631
The fractal dimension is determined as the power-law exponent in the plot of N∆(∆).632
Figure 9(a) compares N∆(∆) between the baseline cases and the perturbed cases with633
the unstable wavelength of small-scale shear layers. The lines represent the power law634
N∆ ∼ ∆−D f , evaluated using a least squares method. For both Reynolds numbers, deviations635
in the perturbed cases from the baselines become more prominent as the scale decreases.636
Specifically, N∆ increases at small scales when the perturbations are introduced, with an637
increase of about 10% for ∆/η < 15 from the baseline. These results indicate that the638
promoted small-scale shear instability leads to a more complex geometry of the scalar639
isosurface at smaller scales. This complexity is consistent with the enhanced effects of640
surface deformation by velocity gradients observed in figure 8(b).641

The fractal dimension D f is determined by fitting a power law function to the plot of642
N∆(∆). The fractal dimension can slightly vary depending on the fitting range. However, the643
analysis applies the fitting to all data points shown in figure 9(a). This approach is chosen644
to focus primarily on examining the perturbation effects on D f rather than pinpointing the645
precise values of D f . Figure 9(b) illustrates the temporal variations of D f . In the absence646
of perturbations, D f ≈ 2.06 and 2.12 are observed for R350 and R2200, respectively. The647
introduction of perturbations with the unstable wavelength of small-scale shear layers in648
R350L30e and R2200L30e results in an increase in D f . Such increases are not observed649
for perturbations with other wavelengths in R350L8e and R350L210e. At τ/τηP = 15,650
D f reaches approximately 2.11 in R350L30e and 2.16 in R2200L30e, which represent an651
increase of about 2% over the baseline cases. While this relative increase in D f may not seem652
as substantial as those observed for other quantities, such as ∆V̇S , it is critically important for653
the surface area A. This is because D f appears as an exponent in the scaling of A, expressed654
as A ∼ LD f −2, where L represents the ratio between the length scale of large-scale motions655
and the Kolmogorov scale (Meneveau & Sreenivasan 1990). Therefore, even a slight increase656
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in D f can have a significant impact on the surface area, enhancing the scalar transfer and657
mixing near the boundary.658

The scalar isosurfaces in the baseline cases essentially delineate the TNTI layer, a subject659
of considerable interest in prior studies. It has been established that the enstrophy isosurface660
near the outer boundary of the TNTI layer closely aligns with the scalar isosurface at661
Sc = 1, in terms of both geometry and location, particularly when the scalar threshold is662
appropriately selected (Gampert et al. 2014; Watanabe et al. 2018). Therefore, the values of663
D f observed for R350 and R2200 should be comparable to those reported for the TNTI664
layer. The D f value associated with Kolmogorov scaling, 2.33, has been observed in fully665
developed intermittent turbulent flows (Sreenivasan et al. 1989; Mistry et al. 2016, 2018;666
Zhuang et al. 2018; Breda & Buxton 2019; Abreu et al. 2022; Xu & Long 2023). Other667
studies have reported smaller D f values, around 2.1–2.2 (Zhang et al. 2023; Er et al. 2023),668
which have also been observed in the developing regions of jets (Breda & Buxton 2019;669
Xu & Long 2023). The present DNS results yield D f = 2.05–2.12, which is smaller than670
2.33. These D f values are discussed in relation to the variations noted in previous studies.671
As shown in figure 9(b), D f remains nearly constant over time when no perturbations are672
introduced, indicating that the transient behaviour associated with turbulence development,673
observed in the near field of jets, is irrelevant in this context. The TNTI layer comprises two674
sublayers (da Silva et al. 2014; Taveira & da Silva 2014; van Reeuwijk & Holzner 2014).675
The outer sublayer, known as the viscous superlayer, is characterised by vorticity dynamics676
dominated by viscous effects. The inner sublayer, referred to as the turbulent sublayer, is where677
inviscid vortex stretching occurs actively. The location of the enstrophy isosurface within the678
layer varies depending on the threshold selected. Consequently, the fractal dimension D f of679
the enstrophy isosurface also increases as the threshold becomes larger. In a turbulent jet,680
for example, D f is reported as small as 2.1 when a low enstrophy threshold is used such that681
the surface marks the irrotational boundary between the TNTI layer and the irrotational fluid682
(Er et al. 2023). This value is consistent with the present values of D f . Furthermore, the683
present study notes that D f increases with the Reynolds number, a trend similarly reported684
for the enstrophy isosurface within the TNTI layer of turbulent boundary layers (Zhang et al.685
2023). In addition, the scalar isosurface in isotropic turbulence often shows a decreasing trend686
in fractal dimension as the iso-scalar value deviates from the mean scalar. When the iso-scalar687
value significantly differs from the mean scalar value, the fractal dimension is approximately688
2 (Iyer et al. 2020). In the current study, the scalar isosurface chosen to represent the outer689
boundary of the scalar mixing layer also substantially deviates from the mean scalar value690
within the layer. The present values of D f close to 2 align with these observations of large691
scalar-fluctuation values in isotropic turbulence.692

The increase in surface area and the associated complex geometry resulting from small-693
scale shear instability align well with experimental findings concerning the scalar interface694
of jets and wakes in background turbulence (Kohan & Gaskin 2022; Chen & Buxton 2023).695
The background turbulence in these studies is fully developed and is characterised by a wide696
range of motion scales, which is different from the current single-scale perturbations. The697
effects of this background turbulence on the small-scale geometry could potentially be related698
to the shear instability observed in this study. However, drawing a definitive conclusion at this699
stage is challenging due to the multi-scale nature of the background turbulence. As discussed700
in § 2.3, background turbulence in most experiments typically has a characteristic length701
scale comparable to the integral scale of primary turbulence. Further experimental studies702
employing small-scale background turbulence are required to observe the effects of promoted703
small-scale shear instability on the scalar interface. The scalar interface of the boundary layer704
subjected to freestream turbulence has also been investigated using DNS (Wu et al. 2019).705
The geometry of the interface differs between transitional and fully developed boundary706
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Figure 10: Lateral profiles of scalar statistics in R350, R350L8e, R350L30e and
R350L210e: (a) mean scalar ⟨ϕ⟩ and (b) mean scalar dissipation rate ⟨εϕ⟩.
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Figure 11: Lateral profiles of scalar statistics in R2200 and R2200L30e: (a) mean scalar
⟨ϕ⟩; (b) mean scalar dissipation rate ⟨εϕ⟩; (c) rms scalar fluctuations ϕrms ; (d) lateral

turbulent scalar flux ⟨v′ϕ′⟩.

layers, which exhibit distinct vortical structures near the edge of the boundary layer. The707
influence of freestream turbulence on the interface is expected to depend on the state of the708
primary turbulence.709

4.3. External perturbation effects on passive scalar statistics710

Figure 10(a) compares the mean scalar distribution between the perturbed and baseline711
cases. Over time, the scalar mixing layers on both sides develop and eventually reach the712
flow centre, as confirmed by ⟨ϕ⟩ < 1 at y = 0. The scalar mixing layer expands in the y713
direction, resulting in an increase in ⟨ϕ⟩ over time at larger y values. Notably, the mean scalar714
distribution remains largely unaffected by perturbations. Figure 10(b) provides a comparison715
for the mean scalar dissipation rate, ⟨εϕ⟩ = ⟨D∇ϕ · ∇ϕ⟩. In the case of R350L30e, where716
small-scale shear instability is excited, a slight increase in the dissipation peak is observed at717
τ/τηP = 6 and 15. The development of the mean scalar is dominated by turbulent scalar flux,718
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Figure 12: Conditional profiles of mean scalar ⟨ϕ⟩I and mean scalar dissipation rate ⟨εϕ⟩I
at τ = 0 in R2200.

largely contributed by large-scale turbulent motions. The negligible effects of perturbations719
on ⟨ϕ⟩ suggest that the promoted shear instability does not significantly alter large-scale720
motions. However, the slight increase in ⟨εϕ⟩ suggests that the scalar distribution at small721
scales is affected by the instability.722

Figure 11 presents the results for higher ReL0 cases, R2200 and R2200L30e, including723

the rms scalar fluctuations, ϕrms =

√
⟨ϕ′2⟩, and the lateral turbulent scalar flux, ⟨v′ϕ′⟩. The724

perturbation effects are consistent across both ReL0 cases. The mean scalar profile remains725
largely unaffected by the perturbations, while a slight increase in the mean scalar dissipation726
rate is observed in R2200L30e compared to the baseline case of R2200. Additionally, the727
rms scalar fluctuations and turbulent scalar flux exhibit negligible differences between the728
perturbed and unperturbed cases, as shown in figures 11(c) and (d). Figure 11(a) includes an729
enlarged plot of the mean scalar, ⟨ϕ⟩, near the location where ⟨ϕ⟩ ≈ 0.02. While the scalar730
isosurface propagation of ϕ = 0.02 is enhanced by external perturbations in R350L30e, the731
mean scalar profile around ⟨ϕ⟩ ≈ 0.02 remains largely unaffected by the perturbations.732

External perturbations are expected to have more pronounced influences near the boundary733
than in the core region of the scalar mixing layer. This behavior near the boundary cannot be734
captured by the conventional statistics defined by spatial averages, which tend to focus more on735
the bulk properties of the flow. This issue has been discussed in previous studies of the TNTI736
layer. Conditional averages of various flow variables, such as velocity and enstrophy, taken737
relative to the interface location, exhibit a pronounced gradient near the interface (Bisset et al.738
2002). However, this gradient is not visible in conventional statistics, defined using time739
averages in statistically steady flows or spatial averages in homogeneous directions. The740
TNTI layer is thin, with a typical thickness of about 10–20 times the Kolmogorov scale,741
and occupies only a small fraction of the flow region (da Silva et al. 2014). Consequently,742
the TNTI layer contributes minimally to conventional statistics, which are predominantly743
influenced by flow regions far away from the TNTI layer. Therefore, the effects of external744
perturbations on the boundary region of the scalar mixing layer are expected to be more745
evident in interface-based statistics than in the conventional statistics examined in figures 10746
and 11. For this reason, the present exploration is further extended by employing conditional747
statistics near the outer boundary of the scalar mixing layer. The analysis of perturbation748
effects using conditional statistics near the outer boundary of the scalar mixing layer focuses749
primarily on cases R2200 and R2200L30e, with the latter featuring perturbations with the750
unstable wavelength of small-scale shear layers. The dependence on perturbation wavelength751
and Reynolds number is later discussed with all cases of R350 and R2200.752

Figure 12 displays conditional profiles of the mean scalar, ⟨ϕ⟩I , and the mean scalar753
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Figure 13: External perturbation effects on conditional statistics at τ/τηP = 13 in R2200
and R2200L30e: (a) mean scalar and (b) rms scalar fluctuation and mean scalar

dissipation rate.

dissipation rate, ⟨εϕ⟩I , in R2200 without perturbations. The profiles exhibit typical be-754
haviors observed in intermittent flows, similar to those studied for understanding mixing755
near the TNTI layer (Westerweel et al. 2009; Gampert et al. 2014; Watanabe et al. 2015b;756
Mistry et al. 2016; Zhang et al. 2019; Kohan & Gaskin 2020). In these profiles, ⟨ϕ⟩I sharply757
decreases to zero within a thin interfacial layer about 10η thick, while exibiting a slow increase758
in the core region of the scalar mixing layer, where ζI/η ≲ −10. The scalar dissipation rate759
peaks within this interfacial layer due to the scalar gradient across the layer. To delve deeper760
into the temporal variations of these conditional statistics, spatial averages are also taken761
within defined subregions labeled as I1, I2 and C1–C3 in figure 12. The outer part of the762
interfacial layer, −3.0 ⩽ ζI/η ⩽ 0, is designated as I1, while the region containing the763
peak in the scalar dissipation rate, −6.0 ⩽ ζI/η ⩽ −3.5, is defined as I2. These ranges of764
ζI are chosen based on the location of the dissipation peak. The core regions of the scalar765
mixing layer are denoted by C1, C2 and C3, sequentially moving away from the interfacial766
layer from C1 to C3. The core region is statistically nearly homogeneous, as the shear-free767
turbulent front originates from HIT. This contrasts with I1 and I2, where the mean scalar768
rapidly decreases from the inside to the outside of the scalar mixing layer. Due to the small769
spatial variations of statistics with ζI in the core region, C1, C2 and C3 are separated by a770
constant spacing of 10η, ranging from ζI/η = −10 to −40. The region between I2 and C1 is771
excluded from this temporal analysis to ensure a clear separation between the two subregions.772

Averages within each subregion are denoted by f . The rms scalar fluctuation within each773

subregion is calculated as ϕrms = (ϕ2 − ϕ2
)1/2. The mean scalar dissipation rate is denoted774

by εϕ. Together, these two quantities define the mixing time scale τϕ = ϕ2
rms/εϕ, which775

provides insights into how quickly the scalar is mixed within these regions (Fox 2003). These776
subregions are used exclusively to examine the temporal variations of perturbation effects,777
while the ζI dependence of statistics is also captured in the conditional averages presented778
as functions of ζI .779

Figure 13(a) compares the conditional mean scalar profiles between R2200 and780
R2200L30e at τ/τηP = 13, an instance at which the development of the scalar mixing layer781
has already been influenced by promoted small-scale shear instability in R2200L30e. The782
perturbation in R2200L30e results in a smaller mean scalar compared to R2200. The faster783
growth of the scalar mixing layer in R2200L30e is linked to enhanced molecular diffusion,784
which is more effective in transferring scalar outward due to the increased surface area.785
Additionally, promoting small-scale instability also accelerates the growth of the turbulent786
front through entrainment (Watanabe 2024a), which draws the outer fluid with smaller ϕ787
values into the turbulent front. These changes due to the perturbations explain the reduced788
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Figure 14: (a) Conditional averages of kinetic energy ⟨k⟩I and its dissipation rate ⟨ε⟩I and
(b) Kolmogorov scale defined with the conditional statistics, ηI , at τ/τηP = 13 in R2200

and R2200L30e.

conditional mean scalar observed in R2200L30e. This reduction in the conditional mean789
scalar is consistent with findings from studies of TTI layers in a turbulent wake developing790
in freestream turbulence. The increasing effects of freestream turbulence tend to decrease791
the conditional mean scalar near the interface (Kankanwadi & Buxton 2020).792

Figure 13(b) examines the rms scalar fluctuations ϕrms = (⟨ϕ2⟩I − ⟨ϕ⟩2I )1/2 and the mean793
scalar dissipation rate ⟨εϕ⟩I at the same time instance as figure 13(a). The perturbations lead794
to an increase in ϕrms, explained by a greater amount of entrained fluid with scalar values795
ϕ ≈ 0 that differ from those within the scalar mixing layer. Interestingly, the peak in the796
mean scalar dissipation rate decreases with the perturbations. The scalar gradient within the797
interfacial layer, dominated by the normal component at the scalar isosurface, is well captured798
by the mean scalar profile along ζI , taken in the surface-normal direction. Consequently, the799
lower mean scalar in the scalar mixing layer in the perturbed case correlates with a smaller800
dissipation peak within the interfacial layer. Conversely, the scalar dissipation in the core801
region, where ζI/η ≲ −10, is increased by the perturbations, as expected from the increase in802
the rms scalar fluctuations. These conditional statistics reveal more significant perturbation803
effects on both the mean scalar and mean scalar dissipation rate than conventional statistics804
in figure 11. The external perturbations predominantly influence the scalar and flow fields805
near the boundary of the scalar mixing layer. Conventional statistics fail to capture these806
perturbation effects near the boundary, as they are obscured by contributions from flow807
regions irrelevant to the boundary region.808

The impact of perturbations on the flow field is analysed through conditional averages of809
kinetic energy and its dissipation rate, defined as ⟨k⟩I = ⟨(u2 + v2 + w2)/2⟩I and ⟨ε⟩I =810
⟨2νSi jSi j⟩I , respectively. Figure 14(a) presents a comparison of these quantities between811
R2200 and R2200L30e at τ/τηP = 13. In the core region of the scalar mixing layer (ζI/η <812
−10), both kinetic energy and its dissipation rate are reduced due to the perturbations.813
This reduction is consistent with the enhanced entrainment of outer fluids, which typically814
possess lower kinetic energy compared to the turbulent front (Taveira & da Silva 2013).815
The perturbations also appear to have a minimal effect on ⟨k⟩I outside the scalar mixing816
layer, where large-scale motions induced by the turbulent front dominate (da Silva & Pereira817
2008). This observation aligns with the nature of the perturbations, which have a small818
amplitude and decay over time, limiting their ability to significantly alter the large-scale819
flow. Even without perturbations, the region outside the scalar mixing layer retains non-820
negligible kinetic energy and dissipation. In R2200, the boundary of the scalar mixing layer821
approximates the interface separating turbulent and non-turbulent regions (Gampert et al.822
2014; Watanabe et al. 2018). The kinetic energy of this irrotational motion induced by823
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Figure 15: Temporal variations of relative changes at different positions along the ζI
coordinate in R2200L30e: (a) rms scalar fluctuation, denoted as ∆ϕrms , and (b) mean

scalar dissipation rate, denoted as ∆εϕ .

turbulence decays with distance from the interface, as theoretically predicted (Phillips 1955;824
Teixeira & da Silva 2012; Zecchetto et al. 2024). This decay is reflected in the decreases of825
⟨k⟩I and ⟨ε⟩I with increasing ζI , consistent with observations in other intermittent turbulent826
flows (Taveira et al. 2013; Watanabe et al. 2016b; Buxton et al. 2019).827

Figure 14(b) presents the Kolmogorov scale ηI = (ν3/⟨ε⟩I )1/4 calculated as a function of828
ζI . In the core region, where ζI/η < −10, ηI is hardly influenced by the perturbations. The829
changes in ⟨ε⟩I are not significant enough to substantially affect the local Kolmogorov scale830
within the scalar mixing layer. The Kolmogorov scale increases for ζI > 0, corresponding831
to the region outside the scalar mixing layer. This increase is directly associated with the832
decay in the kinetic energy dissipation rate discussed above. In studies of the TNTI layer in833
turbulent boundary layers, it has been shown that the area of the surface delineating the outer834
boundary of the TNTI layer scales as δ2BL (δBL/ηI )D f −2, where δBL is the boundary layer835
thickness and ηI is taken from the turbulent core region near the TNTI layer (Zhang et al.836
2023). Perturbations have minimal impact on ηI in the core region of the scalar mixing layer.837
Additionally, the lateral profile of mean scalar remains largely unaffected by the perturbations,838
indicating that the length scale of large-scale motions is also not influenced by perturbations.839
Thus, the changes in characteristic length scales due to perturbations contribute minimally to840
the observed increase in the scalar isosurface area. This increase is instead dominated by the841
rise in the fractal dimension, highlighting how geometric complexity, rather than changes in842
turbulent scales, primarily drives the expansion of the surface area in this case.843

Figure 15(a) illustrates the relative changes in rms scalar fluctuation, denoted as ∆ϕrms,844
caused by perturbations in R2200L30e. The results, evaluated across five subregions depicted845
in figure 12, are plotted over time. Notably, the perturbations result in an increase in ϕrms846
across all positions near the outer boundary. The increase in ∆ϕrms initially begins within the847
interfacial layer, specifically in I1, which represents the outer part of this layer. It is important848
to note that I1 has very small ϕrms, and therefore its increase, indicated by a large ∆ϕrms, is849
not distinctly visible in figure 13(b). Within the core region of the scalar mixing layer, the850
increase in ϕrms is most pronounced in C1 and diminishes towards C3.851

Figure 15(b) shows the relative changes in the mean scalar dissipation rate, ∆εϕ, for each852
subregion. The temporal variations of ∆εϕ align with those of ∆ϕrms. The increase in εϕ853
also starts from I1, near the boundary of the scalar mixing layer. The mean scalar dissipation854
rate does not increase within I2, which is the peak location of the conditional mean scalar855
dissipation rate. Here, εϕ slightly decreases over time, as indicated by a negative ∆εϕ.856
However, near the interfacial layer in C1, there is a significant increase in εϕ, with a relative857
increase of about 50%. This effect progressively diminishes moving away from the boundary,858
from C1 to C3. These observations from figure 15 underscore that while perturbations859
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Figure 17: Temporal variations of relative changes in the mean scalar dissipation rate ∆εϕ
in C1, across different perturbation wavelengths and Reynolds numbers.

enhance scalar fluctuations and dissipation rates near the boundary, their influence is not860
uniform across the scalar mixing layer. The scalar mixing processes near the outer boundary861
are particularly sensitive to these external perturbations.862

Figure 16 presents the relative changes in the mixing time scale, denoted as ∆τϕ. In the863
subregions I1 and I2, which are within the interfacial layer, τϕ increases under the influence864
of the perturbations, indicating a slower mixing process due to the diffusive effects. Here,865
τϕ defines a local time scale, which does not take into account the spatial distribution of866
the scalar. Despite the locally slower mixing, the overall efficacy of outward scalar diffusion867
in the interfacial layer is enhanced due to the enlarged surface area, as evidenced by the868
increased growth rate of the scalar mixing layer. Conversely, in the core region of the scalar869
mixing layer, a locally faster mixing is observed, characterised by smaller τϕ or negative ∆τϕ.870

Figure 17 compares the relative changes in the mean scalar dissipation rate within subregion871
C1 among 4 cases. Regardless of the Reynolds numbers, perturbations with the unstable872
wavelength of small-scale shear layers result in a significant increase in the scalar dissipation873
rate. In both R350L30e and R2200L30e,∆εϕ reaches 50%, showing substantial enhancement874
even with a smaller perturbation energy in R2200L30e. The rate of increase in ∆εϕ is similar875
for both cases when time is normalised by the Kolmogorov time scale, suggesting that876
a similar enhancement of the scalar dissipation rate is achievable at different Reynolds877
numbers. In contrast, perturbations at other wavelengths are less effective, as shown by the878
small variations in ∆εϕ.879

The above results confirm that the growth rate of the scalar mixing layer and small-880
scale scalar mixing near the boundary are enhanced by perturbations with a wavelength of881
approximately 30ηP . The wavelength dependence of these effects is thoroughly investigated882
by examining the series of R350 with external perturbations with varying wavelength883
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Figure 18: The wavelength dependence of perturbation effects on (a) the growth rate of
the scalar mixing layer, ∆V̇S , and (b) the mean scalar dissipation rate near the interface in
C1, ∆εϕ . Results are compared across the series of R350 with external perturbations for

all tested wavelength values.

0 5 10 15

0

10

20

30

40  R350L30e
 R350L30i
 R350L30ei

(a) (b)

0 5 10 15

0

10

20

30

Figure 19: Relative changes due to perturbations introduced in different flow regions in
R350L30e, R350L30i and R350L30ei: (a) the growth rate of the scalar mixing layer, V̇S

and (b) the area A of the scalar isosurface.

parameters. Figure 18(a) plots the relative change in the growth rate, ∆V̇S , as a function of884
wavelength λ f , at three time instances, while figure 18(b) presents the corresponding results885
for the mean scalar dissipation rate near the boundary, ∆εϕ, calculated in C1. Temporal886
variations for selected λ f cases have been shown in figures 7(b) and 17. The results indicate887
peaks in ∆V̇S and ∆εϕ for 28 ≲ λ f /ηP ≲ 35. This range aligns with the most unstable888
wavelength predicted by the shear layer model and the statistics of shear layers in isotropic889
turbulence (Watanabe & Nagata 2023). The peak wavelength slightly increases over time,890
likely due to the increase in the Kolmogorov scale, which rises by 30% from the perturbation891
introduction to the end of the simulation. The effects of perturbations diminish as λ f deviates892
from the peak wavelength, with smaller λ f resulting in a more rapid decline compared to893
larger λ f . This behaviour is consistent with the faster decay of small-scale perturbations894
in figure 5. Perturbations with wavelengths slightly different from the peak wavelength895
still enhance the growth rate and scalar dissipation rate. For individual shear layers, the most896
unstable wavelength depends on the thickness. While the probability density function of shear897
layer thickness peaks at 4η in isotropic turbulence, the full width at half maximum is also898
about 4η (Watanabe & Nagata 2023), leading to variations in the most unstable wavelength.899
Consequently, perturbations remain effective in influencing the shear layers even when the900
wavelength slightly deviates from λ f = 30ηP .901
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4.4. Dependence on perturbation locations902

The effects of perturbations on passive scalar statistics are compared across different pertur-903
bation locations in the R350L30e, R350L30i and R350L30ei cases, where perturbations with904
the unstable wavelength of small-scale shear layers are applied. For internal perturbations,905
changes in the flow field due to perturbation-induced shear instability, such as the number of906
vortices and other turbulent statistics, have been detailed for decaying HIT in our previous907
study (Watanabe & Nagata 2023).908

Figure 19(a) compares the relative changes in the growth rate of the scalar mixing layer,909
∆V̇S , among R350L30e, R350L30i and R350L30ei. All cases exhibit an enhanced growth910
rate, with the perturbation effects appearing more rapidly when introduced inside the turbulent911
region, as seen in R350L30i and R350L30ei. The promoted shear instability, observed in912
figure 6, occurs within the turbulent front. In R350L30i and R350L30ei, the perturbations are913
introduced within the turbulent region, where the shear layers are present, and are expected914
to immediately influence the evolution of the shear layers. External perturbations do not915
alter the shear layers early on because they are introduced outside where no shear layers916
exist. Perturbations in R350L30e and R350L30i are bounded by the scalar isosurface used to917
evaluate V̇S . The differing timescales in the increase in V̇S between these cases confirm that the918
perturbations themselves do not directly cause the increase in growth rate. Instead, it occurs919
through the excitement of small-scale shear instability, as visualised in figure 6(b). All cases920
also show a decrease in ∆V̇S after the peak, but the initial increase lasts longer for external921
perturbations in R350L30e. Internal perturbations evolve within the turbulent flow. Though922
internal perturbations introduce a peak in the kinetic energy spectrum at the perturbation923
wavelength, this peak decays rapidly in turbulence due to energy transfer toward smaller924
scales and energy dissipation (Watanabe & Nagata 2023). Conversely, external perturbations925
introduced outside the turbulence can maintain their length scale, leading to more pronounced926
effects even later. This difference may lead to a larger peak value of ∆V̇S for external927
perturbations in R350L30e compared to internal perturbations in R350L30i. Furthermore,928
the most significant increase in the growth rate is observed in R350L30ei, where perturbations929
are introduced across the entire flow region. The timing of the peak in ∆V̇S lies between those930
of R350L30i and R350L30e, as both internal and external perturbations influence the growth931
rate in R350L30ei.932

Figure 19(b) shows the relative change in the area, ∆A, of the scalar isosurface. Unlike933
the external perturbations used in R350L30e, the peak values of ∆A and ∆V̇S differ when934
perturbations are introduced inside the turbulent region (R350L30i and R350L30ei). In these935
cases, the peaks of ∆V̇S are larger than those of ∆A, indicating that internal perturbations936
also enhance the local propagation velocity of the outer boundary of the scalar mixing layer.937

Figure 20 presents the fractal dimension D f for R350, R350L30e, R350L30i and938
R350L30ei. Regardless of the perturbation location, the perturbations result in an increase939
in D f , indicating a more complex surface geometry. Similar to the observations for ∆V̇S and940
∆A, the effects of internal perturbations in R350L30i diminish more rapidly compared to941
external ones. Initially, internal perturbations cause a greater increase in D f , which correlates942
with a larger initial increase in the growth rate of the scalar mixing layer. Perturbations943
introduced across the entire flow region have the most significant impact on the fractal944
dimension of the scalar isosurface. The correlation between the increases in D f and ∆V̇S945
further underscores that the enhanced surface complexity, driven by shear instability, plays946
a significant role in the increased growth rate of the scalar mixing layer.947

Figure 21(a) illustrates the temporal variations of the production (PA) and destruction948
(DA) terms in the isosurface-area equation (3.4). When perturbations are introduced, PA949
increases rapidly. Then, the increase in DA follows with a delay relative to the increase in PA.950
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Figure 20: Temporal variations in the fractal dimension D f of the scalar isosurface
defining the outer boundary of the scalar mixing layer in R350, R350L30e, R350L30i and

R350L30ei.
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Figure 21: Production and destruction terms of the normalised surface area A′, as
described by (3.4), in R350, R350L30e, R350L30i and R350L30ei: (a) production (PA)

and destruction (DA) terms of the isosurface area; and (b) their balance (Ȧ′).
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Figure 22: Conditional profiles of (a) mean scalar ⟨ϕ⟩I and (b) rms scalar fluctuation
ϕrms and mean scalar dissipation rate ⟨εϕ⟩I at τ/τηP = 7.5 in R350, R350L30e,

R350L30i and R350L30ei.

Consequently, the isosurface area increases when perturbations are introduced. This is further951
confirmed in figure 21(b), which compares Ȧ′ = PA+DA across the four simulation cases. In952
R350L30i and R350L30ei, where perturbations are introduced within the turbulent region,953
Ȧ′ shows a rapid increase compared to R350L30e with external perturbations, resulting in a954
faster initial growth rate of the scalar mixing layer.955

Figure 22(a) compares the conditional mean scalar at τ/τηP = 7.5. At this time, the956
growth rate of the scalar mixing layer has increased by approximately 7% in R350L30e and957
R350L30i, and by about 25% in R350L30ei, due to the perturbations. Perturbations lead to a958
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Figure 23: Cospectrum of lateral velocity and passive scalar, Cvϕ , at y/L0 = 0.9 in the
scalar mixing layer at τ/τηP = 7.5 for R350, R350L30i, R350L30e and R350L30ei. The
cospectrum and wavenumber in the z direction, kz , are normalised by the Kolmogorov

length and velocity scale at the flow centre at the time of perturbation introduction.

decrease in the mean scalar, aligning with expectations from the enhanced growth rate of the959
scalar mixing layer. However, internal perturbations in R350L30i sustain a sharp mean scalar960
gradient within the interfacial layer. This region experiences molecular diffusion transferring961
scalar from inside to outside the scalar mixing layer, typically smearing the distinct scalar962
distribution jump. Previous studies have shown that small-scale turbulent scalar transport963
to the interfacial layer helps sustain this scalar jump (Watanabe et al. 2015b,a). The mean964
scalar gradient similar to the baseline case could be maintained by small-scale turbulent965
motion in the turbulent core region, which is amplified by the shear instability induced by966
internal perturbations. This is confirmed below with a velocity and scalar cospectrum. In967
the R350L30ei case, where perturbations are introduced throughout the entire flow region,968
a significant increase in the growth rate of the scalar mixing layer is observed. This leads to969
a notable decrease in the mean scalar within the mixing layer, resulting in a less steep mean970
scalar gradient within the interfacial layer compared to R350L30i.971

Figure 22(b) displays the rms scalar fluctuation (ϕrms) and mean scalar dissipation rate972
(⟨εϕ⟩I ) near the outer boundary. The effects of both internal and external perturbations973
manifest similarly in the core region of the scalar mixing layer, with increases in both ϕrms974
and ⟨εϕ⟩I . However, the reduction in the dissipation peak observed with external perturbations975
(R350L30e) does not occur with internal perturbations (R350L30i). This distinction is due976
to the internal perturbations maintaining a sharp scalar gradient within the interfacial layer in977
figure 22(a). Further detailed comparisons for these perturbations are provided below with978
the analysis within each subregion on ζI . R350L30ei with perturbations in the entire flow979
region exhibits the most significant increase in the rms scalar fluctuation (ϕrms) and mean980
scalar dissipation rate in the core region, corresponding to the most substantial rise in the981
growth rate of the scalar mixing layer.982

Figure 23 examines the cospectrum of lateral velocity and passive scalar, Cvϕ, calculated983
with Fourier transform in the z direction. This cospectrum, when integrated over the984
wavenumber kz , represents the turbulent scalar flux and is assessed for potential enhance-985
ments of the turbulent scalar transport due to internal perturbations. Here, Cvϕ is taken at986
y/L0 = 0.9 and τ/τηP = 7.5. The observed increase in Cvϕ at small scales in R350L30i987
and R350L30ei indicates enhanced scalar transport due to small-scale shear instabilities.988
However, the total turbulent flux, represented by ⟨v′ϕ′⟩, is primarily influenced by larger989
scales, where Cvϕ remains largely unaffected by perturbations. This finding implies that990
the observed changes in Cvϕ at smaller scales are not sufficient to alter the mean scalar991
profile across the scalar mixing layer significantly. However, the turbulent scalar transport992
near the outer boundary of the scalar mixing layer is predominantly driven by small-scale993
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Figure 24: Relative changes in the mean scalar dissipation rate, ∆εϕ , across various
subregions near the outer boundary of the scalar mixing layer in (a) R350L30i and (b)

R350L30ei.
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Figure 25: Lateral profiles of mean scalar dissipation rate, ⟨εϕ⟩, at τ/τηP = 7.5 in R350,
R350L30e, R350L30i and R350L30ei.

velocity fluctuations, which are represented as a velocity difference between two points with994
a small separation in the local scalar transport equation (Watanabe et al. 2014a, 2015b).995
Consequently, the enhanced Cvϕ at small scales can still influence the mean scalar profile996
near the boundary where internal perturbations maintain a sharp mean scalar gradient in997
R350L30i. In contrast, external perturbations do not affect Cvϕ because their influence is998
confined to the vicinity of the boundary. This aligns with the observation of a smaller mean999
scalar gradient near the boundary in R350L30e as shown in figure 22(a).1000

Figure 24(a) displays the relative changes in the mean scalar dissipation rate due to internal1001
perturbations (R350L30i) in each subregion on the ζI coordinate. The results demonstrate1002
an almost uniform increase in scalar dissipation rate of 20–30% across C1–C3 compared to1003
the baseline case (R350). This uniform effect contrasts with external perturbations, whose1004
impact on the scalar dissipation rate drastically decreases from C1 to C3, as shown in1005
figure 15(b). However, external perturbations typically lead to a more significant increase1006
in the mean scalar dissipation rate, as also discussed above for the growth rate of the scalar1007
mixing layer. Figure 24(b) shows the results for perturbations introduced throughout the1008
entire flow region in R350L30ei. Inside the scalar mixing layer near the interface, the mean1009
scalar dissipation rate increases significantly, with the increase ratio ranging from 50% to1010
75% across subregions C1 to C3. The perturbation effects diminish progressively from C11011
to C3 with increasing distance from the boundary. This behaviour is consistent with the1012
influence of external perturbations in R350L30e, shown in figure 15(b).1013

Figure 25 compares the lateral profiles of the mean scalar dissipation rate, ⟨ε⟩, at τ/τηP =1014
7.5. The profiles indicate that internal perturbations in R350L30i and R350L30ei influence1015
small-scale mixing in the entire region, resulting in a significant increase in the mean scalar1016
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dissipation rate. In contrast, the effects of external perturbations in R350L30e are largely1017
restricted to the vicinity of the outer boundary of the scalar mixing layer. As a result, the mean1018
scalar dissipation rate, which is predominantly influenced by the internal region of the scalar1019
mixing layer, is only minimally affected by external perturbations in figure 25. This distinction1020
underscores how internal and external perturbations differentially influence turbulence.1021
Exciting small-scale shear instability internally leads to widespread enhancements in small-1022
scale mixing throughout the turbulent region, while external perturbations enhance mixing1023
near the boundary. The enhanced scalar dissipation rate resulting from the perturbations1024
has significant implications for the turbulent mixing mechanism. This type of instability1025
can occur even without perturbations, while the introduction of perturbations accelerates1026
the process, intensifying the effects. The observed perturbation effects imply the important1027
role of small-scale shear instability in the rapid small-scale mixing faciliated by turbulent1028
motions.1029

5. Conclusions1030

The DNS of a turbulent front with passive scalar transfer has revealed significant impacts of1031
perturbations with the unstable wavelength of small-scale shear layers, about 30 times the1032
Kolmogorov scale, on scalar mixing in turbulence. The present study has tested perturbations,1033
which are introduced locally, either inside or outside the turbulent front, or globally1034
throughout the entire flow field. Here, velocity perturbations are superimposed on the flow at1035
a given instance, and the subsequent flow evolutions are compared between the perturbed and1036
unperturbed cases. The perturbations are introduced to the turbulent front, with the turbulent1037
Reynolds numbers based on the Taylor microscale of 72 or 202. The scalar mixing layer in1038
the turbulent front develops in space by the outward diffusion, which takes place at the outer1039
boundary of the scalar mixing layer. Such perturbations enhance shear layer instability even1040
near the boundary. Perturbations of other wavelengths, however, do not excite this instability,1041
and the associated changes summarised below are less noticeable.1042

One key effect of the promoted instability is the complex small-scale geometry it induces1043
at the outer boundary, delineated by a scalar isosurface, leading to an increase in the fractal1044
dimension of the surface. This geometric alteration expands the surface area, enhancing1045
scalar diffusion from inside to outside the scalar mixing layer. Consequently, the mean1046
scalar near the boundary is reduced due to efficient diffusion. Moreover, the perturbations1047
contribute to increased scalar fluctuations and higher scalar dissipation rates within the1048
turbulent region. A comparative analysis of external and internal perturbations highlights1049
that the effects of small-scale shear instability are localised to where they occur. External1050
perturbations alter scalar mixing near the boundary, whereas internal perturbations impact1051
the entire turbulent region. In both scenarios, the scalar dissipation rate increases, especially1052
in the core region of the scalar mixing layer. The rise in the scalar dissipation rate reduces1053
the mixing time scale, indicating faster molecular diffusion spurred by the shear instability.1054
The peak of the mean scalar dissipation rate within the interfacial layer decreases with1055
external perturbations due to enhanced outward diffusion that tends to smooth out the scalar1056
gradient. In contrast, this peak remains largely unchanged with internal perturbations, likely1057
because the small-scale turbulent transport is enhanced within the scalar mixing layer. The1058
relative increase in the mean scalar dissipation rate due to perturbations, compared to the1059
baseline simulation, ranges from approximately 20% to 75%, depending on the perturbation1060
locations. Similarly, perturbations lead to increases of 5% to 18% in the scalar isosurface1061
area and 10% to 25% in the growth rate of the scalar mixing layer. Perturbations introduced1062
across the entire flow region result in the most substantial increases in these quantities than1063
those introduced solely within or outside the turbulent region. The effects of perturbations1064
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are qualitatively consistent across different Reynolds numbers, provided the perturbation1065
amplitude u f normalised by the Kolmogorov velocity scale uη remains constant. This study1066
examines turbulence with initial turbulent Reynolds numbers, Reλ, of 72 and 202. Previous1067
research on perturbation effects in turbulent entrainment has observed similar Reynolds1068
number independence for perturbations with fixed normalised amplitudes, u f /uη , in the1069
range of 40 ≲ Reλ ≲ 300. These findings suggest that weaker perturbations can effectively1070
enhance mixing at higher Reynolds numbers. However, further studies are necessary to fully1071
confirm this Reynolds number independence at higher Reλ. The influences of small-scale1072
shear instability underscore its role in turbulent mixing, as this instability occurs even in1073
the absence of perturbations. The instability of small-scale shear layers is crucial in creating1074
the complex geometry of scalar isosurfaces and facilitating rapid turbulent transport and1075
molecular mixing at small scales.1076

The implications of the current study extend to various relevant flow phenomena, par-1077
ticularly demonstrating the potential of this mixing enhancement methodology in turbulent1078
reacting flows. Under non-premixed conditions, chemical reactions often actively occur1079
within thin zones that align with an isosurface of mixture fraction (Zhdanov & Chorny 2011;1080
Watanabe et al. 2013, 2014b). These reaction zones exhibit similarities with the interfacial1081
layer with a large scalar gradient observed in this study. The increase in the scalar isosurface1082
area is expected to similarly influence these reaction zones. Additionally, the rate of fast1083
reaction is proportional to the scalar dissipation rate, as discussed by Bilger (2004). The1084
observed increase in dissipation inside the scalar mixing layer could thus promote faster1085
reactions. When implementing mixing enhancement via small-scale shear instability in1086
practical applications, it is essential to consider that the Kolmogorov scales characterise1087
the velocity and length scales of shear layers, both of which decrease as the Reynolds number1088
increases. As demonstrated in cases R350L30e and R2200L30e and in Watanabe (2024a),1089
weaker perturbations can excite this instability at higher Reynolds numbers, provided that the1090
perturbation wavelength corresponds to the instability wavelength, which also decreases with1091
the Reynolds number. This feature is crucial in applications to large-scale flows, observed1092
in engineering and environmental flows, such as hot air mixing from heat exchangers in an1093
ambient cross flow (Liu et al. 2009), where Kolmogorov-scale perturbations can be more1094
feasible to generate than large-scale perturbations.1095
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Appendix A. The thresholds applied to detect the turbulent front and scalar1104
mixing layer1105

In most DNS cases conducted in this study, perturbations are introduced either within1106
or outside the turbulent region. A vorticity magnitude threshold is employed to detect the1107
turbulent region, defined asω/⟨ω⟩ ⩾ ωth, where ⟨ω⟩ represents the mean vorticity magnitude1108
at y = 0. The threshold ωth is determined using a method based on the ωth-dependence of1109
the detected turbulent volume, as proposed by Taveira et al. (2013) and successfully applied1110
to various turbulent flows (Jahanbakhshi et al. 2015; Watanabe et al. 2018; Nagata et al.1111
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Figure 26: (a) The threshold dependence of the turbulent volume detected as
ω/⟨ω⟩ > ωth , where ⟨ω⟩ represents the mean vorticity magnitude at y = 0. The turbulent
volume Vω is normalised by the size of the computational domain as V̂ω = Vω/LxLyLz .

(b) Visualisation of vorticity magnitude near the boundary between turbulent and
non-turbulent regions. Three yellow lines denote the isolines of ω/⟨ω⟩ = ωth with

ωth = 0.002, 0.005 and 0.01. The colour contour represents log10(ω/⟨ω⟩). All results are
obtained at τ = 0.9T0 from case R2200.

2018; Khan & Rao 2023; Ren et al. 2024; Li & Wang 2024; Su et al. 2024). The vorticity1112
magnitude ω exhibits a sharp decrease from turbulent values to near zero across the thin1113
TNTI layer. Consequently, there exists a range of ωth for which the volume Vω of the region1114
where ω/⟨ω⟩ ⩾ ωth remains relatively constant.1115

Figure 26(a) illustrates the ωth dependence of the normalised volume V̂ω = Vω/LxLyLz1116

and its derivative −dV̂ω/d(log10ωth) in R2200, where LxLyLz denotes the computational1117

domain volume. As ωth decreases from 101, V̂ω increases, indicating the detection of more1118
turbulent fluid. For 10−3 ⩽ ωth ⩽ 10−2, V̂ω remains nearly constant, as confirmed by the1119
small values of −dV̂ω/d(log10ωth). This plateau region represents the optimal range for1120
ωth in detecting turbulent fluid. When ωth falls below 10−4, V̂ω increases again due to1121
numerical errors. This characteristic profile of V̂ω (ωth) is typical for intermittent turbulent1122
flows (Taveira et al. 2013). In this study, ωth = 0.01 is adopted to identify turbulent fluid.1123

Figure 26(b) provides a two-dimensional visualisation of vorticity magnitude near the1124
isosurface of ω/⟨ω⟩ = 0.01. The yellow lines represent isolines of ω/⟨ω⟩ = ωth for ωth =1125
0.002, 0.005 and 0.01. All these lines effectively demarcate the boundary between rotational1126
and irrotational regions. The threshold ωth is utilised solely to determine perturbation1127
locations. The differences among the three lines are on the order of a few Kolmogorov scales,1128
leading to nearly identical distributions of perturbations, with wavelengths normalised by1129
the Kolmogorov scale ranging between 8 and 210. Other studies on the TNTI layer have also1130
examined the threshold dependence of conditional statistics calculated as a function of the1131
distance from the isosurface of ω (Watanabe et al. 2018, 2019). When ωth is determined1132
using the method based on Vω , the conditional statistics are insensitive to ωth, provided that1133
ωth is chosen from the plateau region in the plot of Vω (ωth).1134

A similar threshold is applied to the passive scalar ϕ to delineate the boundary of the1135
scalar mixing layers. This study focuses on the boundary facing the non-turbulent fluid,1136
identified as the isosurface of ϕ = ϕth. Analogous to the vorticity variation across the TNTI1137
layer, the passive scalar decreases sharply from the interior to the exterior of the scalar1138
mixing layer. Therefore, the outer boundary of the scalar mixing layer can be defined by the1139
isosurface corresponding to a small scalar value (Bilger et al. 1976; Kim & Bilger 2007).1140
The method used to determine the vorticity threshold ωth is similarly applied to the passive1141
scalar. The value of ϕth is determined by examining the volume Vϕ of fluid where ϕ ⩾ ϕth1142
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Figure 27: (a) The volume Vϕ enclosed by the scalar isosurface of ϕ = ϕth , evaluated as a
function of ϕth . This volume is normalised as V̂ϕ = Vϕ/LxLyLz . (b) Visualisation of the
scalar field ϕ near the boundary of the scalar mixing layer. Three white lines represent the
isolines of ϕ = ϕth with ϕth = 0.01, 0.02 and 0.03. The colour contour depicts log10 ϕ.
All results are obtained at τ = 0.9T0 from case R2200. The visualised region is the same

as in figure 26.
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Figure 28: (a) Increase ratio in V̇S due to external perturbations, denoted as ∆V̇S . (b)
Relative changes in mean scalar dissipation rate, denoted as ∆εϕ , at different positions
along the ζI coordinate defined in figure 12. The results of R350L30e are compared for

ϕth = 0.01, 0.02 and 0.03.

as a function of ϕth. Figure 27(a) plots the normalised volume V̂ϕ = Vϕ/LxLyLz against1143

ϕth. As ϕth decreases, V̂ϕ becomes less sensitive to changes in ϕth, as indicated by the1144

reduction in −dV̂ϕ/d(log10 ϕth). This study adopts ϕth = 0.02, around which V̂ϕ shows1145
minimal variation with ϕth. Figure 27(b) visualises the isolines for ϕth = 0.01, 0.02 and1146
0.03. As anticipated from the ϕth dependence of V̂ϕ, small changes in ϕth have negligible1147
impact on the location of scalar isolines. In addition, the location and geometry of the scalar1148
isoline closely resemble those of the vorticity isosurface in figure 26(b). Figure 28 presents1149
the relative changes due to perturbations in the growth rate of the scalar mixing layer, ∆V̇S ,1150
and the mean scalar dissipation rate near the interface, ∆εϕ, for three values of ϕth. Similar1151
behaviors are observed for these quantities regardless of ϕth. Positive values of ∆V̇S indicate1152
an increased growth rate of the scalar mixing layer. Region C1, defined in figure 12, exhibits1153
positive ∆εϕ, confirming enhanced mixing at small scales due to the perturbations. The1154
mean scalar dissipation rate decreases in I2 with perturbations, as indicated by ∆εϕ < 0, due1155
to the reduced scalar gradient within the interfacial layer. Quantitatively, a 50% increase or1156
decrease in ϕth from ϕth = 0.02 leads to less than a 10% change in ∆V̇S and ∆εϕ. Thus, the1157
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conclusions regarding the effects of perturbations on scalar mixing remain consistent across1158
these values of ϕth.1159
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