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Abstract. A localized turbulent region expands spatially by entrain-
ing surrounding non-turbulent fluid, demarcated by the turbulent/non-
turbulent interface (TNTI) layer. Small-scale vortex tubes and shear lay-
ers within this TNTTI layer play a pivotal role in the process of entrain-
ment. Shear layers in turbulence are known to be unstable against per-
turbations with wavelengths approximately 30 times the Kolmogorov
scale. This study conducts numerical experiments aimed at investigating
the potential for enhancing passive scalar mixing through the excitation
of small-scale shear instability. Direct numerical simulations (DNS) are
conducted for a turbulent front with a passive scalar transfer evolving
in the absence of mean shear, where solenoidal velocity perturbations of
constant wavelength are introduced outside the turbulent region. These
perturbations are found to enhance the entrainment rate significantly
when their wavelength coincides with the unstable mode of shear layers.
Despite the increased entrainment rate facilitated by the excitation of
small-scale shear instability, passive scalar statistics dominated by large-
scale scalar distributions, such as mean scalar and root-mean-squared
scalar fluctuations, remain largely unaffected. However, this enhanced
entrainment rate results in the amplification of the scalar dissipation
rate, which provides a measure of scalar mixing at small scales. These
findings indicate that exciting small-scale shear instability can effectively
enhance entrainment and small-scale scalar mixing in intermittent tur-
bulent flows.

Keywords: Turbulent/non-turbulent interface + Entrainment -
Turbulent mixing

1 Introduction

Turbulent entrainment refers to the process by which turbulent flow draws in
surrounding non-turbulent fluid. This phenomenon is prevalent in canonical tur-
bulent flows, such as jets, wakes, and boundary layers, which exhibit large-
scale intermittency. At a fixed location within these flows, regions of turbu-
lent and non-turbulent fluids are intermittently observed. A thin interface layer,
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known as the turbulent/non-turbulent interface (TNTI), demarcates the turbu-
lent region from the non-turbulent fluid. The TNTI layer is characterized by
its minimal thickness, which scales with the Kolmogorov scale, and exhibits a
complex geometry shaped by turbulent motions across a broad range of length
scales [1]. The structure of the TNTI layers has been analyzed through two-
or three-dimensional velocity measurements utilizing particle image velocime-
try and direct numerical simulations (DNS) [2,3]. The TNTT layer comprises an
outer viscous superlayer and an inner turbulent sublayer. The turbulent and non-
turbulent regions can be distinguished by the presence of vorticity, w = V x u.
Turbulent entrainment is thus conceptualized as a mechanism through which
non-turbulent fluid acquires enstrophy, w?/2 = (w - w)/2, within the TNTI
layer [4,5]. In the viscous superlayer, the growth of w?/2 is attributed to viscous
diffusion from the turbulent sublayer, while the contribution of inviscid vortex
stretching to enstrophy amplification is considered negligible. Conversely, vor-
tex stretching significantly enhances enstrophy within the turbulent sublayer.
This transport of enstrophy within the TNTI layer is elucidated by the pres-
ence of small-scale vortical structures, such as vortex tubes and sheets, within
the turbulent sublayer [6-10]. These structures, characterized by high enstrophy,
facilitate an outward viscous diffusion of enstrophy. Moreover, the production of
enstrophy via vortex stretching occurs within these structures [6,11,12]. Vortex
tubes and sheets play a pivotal role in the process of entrainment.

The TNTT layer also plays a crucial role in scalar mixing [13]. In scenarios
where two chemicals are introduced separately into turbulent and non-turbulent
flows, the mixing and subsequent chemical reactions are primarily facilitated by
the entrainment of the non-turbulent fluid [14-16]. A significant scalar concen-
tration gradient is observed within the TNTT layer, particularly in the direction
normal to the interface [17-20]. This pronounced gradient drives the transfer of
scalar concentrations by molecular diffusion between the turbulent and entrained
fluids. While molecular diffusion tends to smooth the scalar profile within the
TNTI layer, the process of inertial scalar transport from the turbulent core region
sustains a steep scalar gradient within the TNTI layer [21,22]. These early stud-
ies have led to recent investigations of turbulent mixing near the TNTT layer in
more complex flows, such as turbulent combustion [23] and buoyant plumes [24].
The analysis of scalar transport near the TNTT layer in jet flames has elucidated
the role of the local entrainment process in flame stabilization [25]. Additionally,
the nucleation of oil droplets in a jet flow was detailed through concentration
measurements in the vicinity of the TNTT layer [26].

Turbulence has been examined from a structural perspective, revealing that
at small scales, high enstrophy regions are found within tubular or sheet-like
structures, known as vortex tubes and sheets, respectively [11,27]. Various meth-
ods have been developed to identify vortex tubes, with one approach identify-
ing them as regions exhibiting large positive values of the second invariant of
a velocity gradient tensor [28]. The dimensions of vortex tubes are generally
determined by the Kolmogorov scale [6,11]. For many vortex tubes, the rela-
tionship between the diameter and the local vortex stretching rate closely aligns
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with predictions by the Burgers’ vortex model. Vortex sheets, characterized by
intense shear and referred to as shear layers, have received comparatively less
attention due to identification challenges [29]. Recent advancements in the study
of shear layers employ a triple decomposition [30,31]. This decomposition is rele-
vant to the Rortex-based decomposition [32] and Schur decomposition [33]. These
methods separate three motions of shear, rigid-body rotation, and irrotational
strain (elongation) from the velocity gradient tensor. Shear layers are identifi-
able through the intensity of shearing motion [12,34]. Recent studies using this
decomposition have elucidated the statistical properties of shear layers. Simi-
lar to vortex tubes, the thickness of shear layers scales with the Kolmogorov
scale [12,35,36]. Additionally, the relationship between the thickness and vor-
tex stretching rate aligns with Burgers’ vortex layers. Similar layer structures
appear in turbulence as regions with a high scalar dissipation rate. However, it
has been shown that shear layers are irrelevant to strongly dissipative regions
of passive scalar fluctuations [36]. The velocity field induced by shear layers can
be reconstructed using the Biot-Savart law applied to the shear component of
vorticity vectors. Analyses of reconstructed velocity fields have demonstrated
that shear layers significantly contribute to the energy cascade [37]. Shear layers
appear near vortex tubes, and their interaction can be crucial in the formation
of a biaxial strain acting on the shear layers [38,39]. Due to the strain and shear,
vortex stretching actively occurs in the shear layers [12,40]. These investigations
have confirmed the importance of shear layers in various turbulence properties.

Shear layers in turbulence are inherently unstable and shear instability pro-
duces vortex tubes [12,41]. Numerical simulations were performed for an isolated
shear layer, modeled with the mean flow pattern observed around shear layers
in turbulence [42]. Even in the absence of external perturbations, the shear layer
exhibits inherent instability due to self-induced velocity from shear vorticity,
particularly when the layer possesses a small aspect ratio. This stands in con-
trast to a uniform shear layer with an infinite aspect ratio, which remains stable
in the absence of perturbations. The formation of a vortex from a shear layer
with a finite aspect ratio is promoted under the influence of perturbations of
a specific wavelength. Coupled with observations of shear layers in turbulence,
these findings suggest that the instability of many shear layers in turbulence
is excited by perturbations with a wavelength approximately 30 times the Kol-
mogorov scale. Furthermore, the response of shear layers to such perturbations
was investigated through DNS of decaying isotropic turbulence [42]. Upon the
influence of perturbations near this critical wavelength, numerous shear layers
collapse rapidly, leading to an increased number density of vortex tubes. This
rise in the number of vortex tubes, in turn, results in a greater number density
of shear layers, which form around the vortex tubes [39].

These investigations into entrainment and the instability of shear layers
suggest that stimulating shear instability near the TNTI layer could lead to
enhanced passive scalar mixing, alongside the process of entrainment. This study
aims to explore the potential for enhancing mixing by introducing perturbations
with a wavelength corresponding to the unstable mode of shear layers. For this
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purpose, DNS is performed for a shear-free turbulent front with passive scalar
transfer. Perturbations are introduced in the non-turbulent region, affecting the
entrainment process from outside of turbulence. It will be shown that entrain-
ment and small-scale scalar mixing are enhanced when the perturbations have
a wavelength matching the small-scale shear instability.

The flow setup in this study will aid in understanding the modulation of
the TNTT layer. In particle-laden flows, particles can disturb the flow field, and
recent studies have explored the modulations of the TNTT layer by solid parti-
cles [43]. The small-scale shear instability within the TNTI layer may be relevant
to particle effects on turbulent entrainment when the particle size matches the
unstable wavelength of the shear layers. Additionally, the unstable mode of shear
layers within the TNTT layer can be important for the interface between two dif-
ferent turbulent regions, known as a turbulent/turbulent interface (TTT) layer.
The TTTI layer forms along the shear layers, and entrainment by a primary tur-
bulent region from background turbulence is expected to be influenced by these
shear layers [44]. Vortex stretching actively occurs within the shear layers, thus
enstrophy production is not negligible within the entire TTT layer, unlike the vis-
cous superlayer for the TNTT layer [45]. Recent investigations of the TTI layer
have revealed that background turbulence alters the interface geometry and the
entrainment rate of primary turbulence [46-49]. These studies often consider
large-scale background turbulence whose integral scale is comparable to that of
primary turbulence. The present findings are applicable to understanding the
impact of small-scale background turbulence on entrainment and scalar mix-
ing. The characteristic velocity of shear layers is the Kolmogorov velocity scale,
which decreases as the Reynolds number increases. Therefore, even weak per-
turbations can excite its instability at a high Reynolds number as long as the
perturbation wavelength matches the instability mode [42]. This feature can be
important in establishing control strategies for turbulent entrainment. There-
fore, shear instability within the TNTI layer has many potential applications
in engineering fields, such as flows around airfoils [50] and turbulent combus-
tion [25]. Controlling entrainment with small-scale disturbance might also be
important in meteorological fields, where small-scale instability might be lever-
aged to control atmospheric phenomena with small-scale and weak disturbances
from human activity [51]. For example, cloud evolutions are often influenced by
the entrainment process at the edge, which has recently been studied in terms
of the TNTI layer [52,53].

2 DNS of a Shear-Free Turbulent Front Subject
to External Perturbations

2.1 A Shear-Free Turbulent Front

DNS is conducted for a shear-free turbulent front with passive scalar trans-
fer [54,55]. The flow is initiated by introducing homogeneous isotropic turbulence
(HIT) into a quiescent fluid. This setup allows the turbulent region to expand
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by entraining the surrounding non-turbulent fluid, without being influenced by
mean shear. The computational domain is configured as a cube with dimensions
L3, discretized into N3 grid points. The incompressible Navier-Stokes equations,
coupled with the advection-diffusion equation for a passive scalar ¢, govern the
flow evolution. These equations are expressed as follows:

Ou; _
Ou;  Ouju; 1 dp 0%u;
ot dx;  poxy N V@xjﬁa:j’ @
0¢  Oujod 0%¢
6t 3Ij B D@xjaxj’ (3)

where x; denotes position, ¢ time, u; the velocity vector, p pressure, p density,
and v the kinematic viscosity. The diffusivity coefficient for ¢ is represented by
D. The Schmidt number, S¢ = v/D, is assumed to be unity. These equations
are solved using an in-house finite-difference code based on the fractional step
method [12]. Spatial and temporal discretizations employ the fourth-order fully
conservative central difference and third-order Runge-Kutta schemes, respec-
tively [56]. The Poisson equation for pressure is solved using the BiCGStab
method.

The initial velocity field for the shear-free turbulent front is generated by
applying a top-hat function C(y) to the velocity field HIT, wgr, resulting in
Cupgrr:

C(y) = 0.5 + 0.5tanh {Ai (1 - Wﬂ , (@)

where C(y) = 1 closely approximates the central region |y| < Lr/2 and C(y) =0
elsewhere. This configuration ensures statistical homogeneity along the x and
z directions, with a distinct interface perpendicular to the y direction. The
coordinate system (x,y,z) is defined with y = 0 at the domain center and
(z,2) = (0,0) at the corner of the z—z plane. The statistical properties of HIT
are evaluated using a volume average denoted by f for any variable f, with
f' = f — f representing its fluctuating component. The average kinetic energy
dissipation rate is € = 2v.5;;5;;, where S;; = (Ou;/0x; + Ou;/0x;)/2 is the rate-
of-strain tensor. The Kolmogorov length, time, and velocity scales are defined
as n = (3/e)V/4 1, = (v/e)Y/2, and u, = (ve)'/*, respectively. Subscript 0
indicates initial HIT statistics, such as 1y and u,g. The initial turbulent region
has a width of Ly = L/3 and the interfacial layer thickness of Ay = 10ny. The
initial scalar profile is given by ¢ = C(y), distinguishing the turbulent region
(¢ > 0) from the exterior (¢ = 0).

The DNS database of statistically steady HIT subject to a linear forcing [57] is
used to generate the initial field. The simulation parameters were determined to
realize HIT with the time-averaged Reynolds number Rero = tpmsoLro/v = 350,

where U,y = V u'? is the root-mean-squared (rms) velocity fluctuation and Lj
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is the characteristic length scale of large-scale motion defined as L; = u2,, /e.
The computational domain size L3 is (5.3L¢)® based on the time average of Lo
of HIT. Five snapshots are used as the initial conditions of the turbulent front.
Based on ensemble averages, the turbulent Reynolds number Rey = wppmsA/v
defined with the Taylor microscale A = \/15vu2,,. /e and the rms velocity fluc-
tuations is Reyg = 72. The number of grid points N2 is 5123, for which the grid
spacing A = L/N is 0.8ng. The subsequent simulation of the turbulent front also
uses the same computational parameters by modifying the velocity field of HIT
with Eq. (4). As the turbulent front decays, 1 increases with time, ensuring that
A is smaller than 0.87. Figure 1 shows the two-dimensional distributions of ¢,
visualizing the temporal evolution of the shear-free turbulent front. The turbu-
lent region with ¢ > 0 spatially expands with time by entraining the external
fluid with ¢ = 0.
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Fig. 1. Development of the shear-free turbulent front without perturbations. Two-
dimensional distributions of the passive scalar ¢ are visualized at (a) t = 27,0, (b)
t = 47,0, and (c) t = 67y0.

This study delves into the effects of introducing perturbations external to the
turbulent region. Building on insights from a prior investigation of the perturba-
tion response of decaying HIT [42], solenoidal perturbations are superimposed
on the initial velocity field. These perturbations are represented by sinusoidal
functions as follows:

up = (1 —C)ussin(2my/As), ursin(2rwz/Az), ussin(2rx/A )], (5)

where the amplitude uy and the wavelength Ay define the perturbation charac-
teristics. Given the nature of C(y), the influence of wp sharply declines from
the outside towards the turbulent region. Perturbation parameters uy and Ay
are determined based on u,o and 7, respectively. The study considers two val-
ues for Ag: Ay = 30mp, corresponding to the unstable mode of shear instability,
and Ay = 140ng, which is unrelated to the instability. Prior work has assessed
the role of uy in exciting shear instability within HIT [42]. The perturbation
effects are determined by the ratio of u; to u,o for Ay ~ 30m. Herein, uy is
set at uy/uno = 1.4. In addition to these perturbed cases, a shear-free turbulent
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front without of perturbations is also simulated as a reference case for compara-
tive analysis. The influence of the perturbations is elucidated by comparing the
perturbed cases with the unperturbed baseline. The simulation time spans over
107,0. Notably, the perturbation effects on shear instability in decaying HIT
were shown to prevail within a few times the Kolmogorov time scale [42]. The
shear-free turbulent front exhibits statistical homogeneity on the z—z planes, and
spatial averages across the z—z planes are taken as functions of y and ¢. In addi-
tion, ensemble averages are taken for five simulations initialized with different
snapshots of HIT.

Compared to other turbulent shear flows, shear-free turbulence offers the
advantage of initial statistical homogeneity within the turbulent region. A crit-
ical parameter in the present DNS is the ratio of the perturbation wavelength
As to the Kolmogorov scale 7. Given that 7 remains constant within the ini-
tial turbulent region, adopting a constant Ay ensures that the ratio As/n is
also constant. In contrast, in turbulent shear flows, n and other length scales
vary spatially within the turbulent region, complicating the interpretation of
results based on the ratio between the perturbation wavelength and turbulence
length scales. Previous studies have demonstrated that the characteristics of the
TNTI and small-scale shear layers are largely unaffected by mean shear [10,58].
Although the present DNS excludes mean shear effects, the findings are antici-
pated to be relevant for more complex flows with mean shear, such as jets and
mixing layers.
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Fig. 2. Enstrophy distributions at ¢ = 47,0 in (a) the unperturbed case and (b) the
perturbed case with Ay = 30mo. (c) The iso-scalar line of ¢ = 0.04 and enstrophy
distribution near the TNTT layer at ¢ = 77,0. Enstrophy is normalized as &?/2 =

(@?/2)/ (u7mso/L5)-
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2.2 The Evaluation of the Entrainment Rate with Isosurface Area
Density

The entrainment rate is quantified by examining the boundary propagation of
the turbulent front. Figure 2 depicts the two-dimensional distributions of enstro-
phy, w?/2, in the turbulent front, both with and without the introduction of
initial perturbations. As outlined in Eq. (5), vortical perturbations result in a
spatially periodic variation in enstrophy, which is notably apparent outside the
turbulent front in Fig. 2(b). Consequently, enstrophy is deemed unsuitable for
the identification of the TNTT layer, which is more accurately identified using
the passive scalar. Previous research has demonstrated that enstrophy and pas-
sive scalar isosurfaces, for Sc = 1, align closely in terms of their location and
shape at the outer edge of the TNTTI layer [17,59]. The outer boundary of the
TNTT layer is determined by an isosurface of ¢ = ¢y, for which the turbulent
front is defined by ¢ > ¢y,. Here, ¢¢, = 0.04 is selected based on the threshold
dependence of the turbulent volume [60]. For the unperturbed case, Fig. 2 com-
pares the iso-scalar line of ¢ = ¢, and the enstrophy distribution. The iso-scalar
line precisely delineates the boundary between rotational and irrotational fluids.
The TNTTI layer encompasses both the outer viscous superlayer and the inner
turbulent sublayer, with the isosurface of ¢ residing at the outer boundary of
the viscous superlayer, adjacent to the irrotational fluid. Thus, this isosurface is
referred to as the irrotational boundary [21].

The entrainment rate is calculated as the surface integral of the propagation
velocity of the irrotational boundary. This calculation is performed for a specific
time step to derive the entrainment rate as a function of time. The surface
integral is computed using an isosurface area density, ¥, as detailed by Blakeley
et al. [61]. The function X (z,y, ), serving as an indicator of the turbulent front,
is defined by:

(6)

X = 1 outside the turbulent front (¢(x,y,z) < Pw)
~ 10 inside the turbulent front (¢(z,y, 2) > ¢u)

The isosurface area density for the scalar isosurface of ¢(x,y, z) = ¢y, is specified
as follows:

1 90X 99
V(06 /0x;)% 0z oz’

The total area of the isosurface within the computational domain V is calculated
by the volume integral of the isosurface area density, A = [, ¥'dzdydz. For any
function f, its surface integral, denoted as (f)g, is written with a volume integral,
(fis=[f fv f¥'dxdydz. The propagation velocity of a scalar isosurface at a
point (,y, z) is determined as vp(x,y, z) = |V¢| 1 DV?¢, with the propagation
direction represented by n = —V¢/|V¢|. The volume of the turbulent front, Vr,
is obtained by integrating (1 — X) over the domain, Vi = [[[,(1 — X)dzdyd:z.
The entrainment rate, Vi, quantifies the temporal change in V; and is defined
through the surface integral of vp on the irrotational boundary as Vi = (vp)s.

Zl(xvyvz) = (7)
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Positive Vp values signify the expansion of the turbulent front by entraining
external fluid.

3 Results and Discussion
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Fig. 3. Temporal variations of entrainment rate Vr.

Figure 3 presents the temporal variation in the entrainment rate, VT, compar-
ing the cases with and without perturbations over time. Initially, for ¢/7,0 < 1,
the entrainment rate appears consistent across all cases. The introduction of
perturbations with Ay = 307, notably increases Vi in comparison to the unper-
turbed case. Conversely, the entrainment rate remains largely unchanged in the
presence of perturbations with Ay = 140n9, despite an identical perturbation
amplitude of uy = 1.4u,0 to that in the Ay = 30mg case. The differential impact
of these perturbations was previously explored in isotropic turbulence through
the visualization of shear layers and the assessment of the number of vortices [42].
Perturbations with Ay = 30ny were shown to promote shear instability, leading
to rapid vortex formation. It was also shown that shear layers exhibit minimal
response to perturbations with a wavelength irrevent to the shaer instability. Per-
turbations effectively influence entrainment when their wavelength aligns with
the unstable mode of shear instability. For the present case, the perturbations
of Ay = 307 elevate the entrainment rate by 17% relative to the unperturbed
case, underscoring the pivotal role of small-scale vortices and shear layers in the
entrainment mechanism.

The above investigations reveal that entrainment is effectively promoted by
perturbations when the wavelength aligns with the unstable mode of shear insta-
bility. The consequences of the entrainment enhancement on scalar mixing are
assessed through passive scalar statistics. Figure4(a) presents the lateral dis-
tribution of the mean scalar, ¢, across three time instances, showcasing the
evolution of a scalar mixing layer within the turbulent front. The scalar mixing
layer, characterized by 0 < ¢ < 1, broadens in the y direction over time. Notably,
despite the increase in the entrainment rate, the profile of ¢ remains largely con-
sistent, irrespective of perturbations. Figure 4(b) shows the profile of rms scalar
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Fig. 4. Lateral distributions of (a) mean scalar ¢, (b) rms scalar fluctuations ¢ms,
and (c) averaged dissipation rate of scalar fluctuations e4.

fluctuations, ¢pms = \/ﬁ Initially, @rms is zero due to ¢ = C(y); however,
as the turbulent front develops, scalar fluctuations are generated by the turbu-
lent scalar flux in the y direction, v/¢’. This flux contributes to the production
term of scalar variance, —2v'¢/(0¢/dy). Thus, ¢,.,s peaks in areas with a signif-
icant mean scalar gradient. The expansion of the scalar mixing layer over time
results in a spatially broader distribution of ¢;,,s. The presence of perturbations
appears to have minimal effects on ¢,.,,s, which exhibits nearly identical profiles
for all cases. While perturbations with Ay = 3017 increases the entrainment rate
by exciting the shear instability at small scales, they do not alter mean scalar
profiles or rms scalar fluctuations significantly, as these scalar statistics are dom-
inated by large-scale scalar distributions. Figure4(c) exhibits the lateral profile
of the averaged dissipation rate of scalar fluctuations, e = DV¢ - V¢. Contrary
to the behaviors of mean scalar and rms scalar fluctuations, perturbations with
Ay = 3019 lead to a pronounced increase in 4. This enhancement in scalar dissi-
pation rate is not observed for Ay = 140n9. Thus, the entrainment enhancement
affects the scalar statistics related to small-scale scalar fluctuations.

The analysis of the scalar energy spectrum provides insights into the scale-
dependent effects of perturbations on scalar mixing. The Fourier transform of
the scalar field, ¢, along the x direction and its complex conjugate are repre-
sented as gﬁ(kx,y,z) and é*(kz,y,z), respectively, where k, is the wavenumber
in the « direction. The energy spectrum of ¢, denoted as Ey(k,,y), is defined as
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Fig. 5. Energy spectra of (a) scalar fluctuations ¢, Es and (b) scalar gradient d¢/dz,
E3¢/az at t = 87'770.

Ey(ks,y) = Re[q@é*], where Re represents a real part of complex variables and
the average is taken spatially in the z direction. This spectrum is specifically
evaluated at a position y/Lro = 0.89, near the center of the scalar mixing layer.

Figure 5(a) reveals the energy spectrum Ey at t = 87,0, a point in time when
perturbations have already enhanced both the entrainment and scalar dissipa-
tion rates. The introduction of perturbations, irrespective of their wavelength,
shows minimal impact on the overall shape of the spectrum. Notably, the spec-
tra at lower wavenumbers (representing large scales) closely align across cases,
indicating that perturbations do not significantly alter large-scale scalar distri-
butions. However, the introduction of perturbations with Ay = 30ny leads to
an elevated Fy4 at high wavenumbers compared to the unperturbed case. This
influence is not observed for Ay = 1407,.

Figure5(b) presents the energy spectrum of the scalar gradient, Eyg o,
premultiplied by the wavenumber, k,. The premultiplied spectrum is dis-
played on a semi-logarithmic scale to assess the contribution of each scale
to (0¢/0x)?, which is associated with the scalar dissipation rate. This rela-
tionship is expressed as (8¢/0x)? = [ Eyg/0,dk, and can be reformulated as

(09/0x)? = [ kyEyg/0,d(logg k,). Thus, the area under the curve of ky Egg /0,

represents the contribution to (9¢/0xz)? at the scale of log;, k.. Introducing
perturbations with Ay = 30m increases k;FEpg 0, for kzmo 2 0.15 compared to
the unperturbed case, while no such increase is observed for Ay = 140n,. Given
that the scalar gradient is predominantly influenced by small-scale scalar fluctu-
ations, this enhancement in k;, Ey4 /o, reflects a corresponding change in Ey at
high wavenumbers, indicating that small-scale scalar fluctuations are amplified
with the introduction of perturbations at Ay = 30m. Such perturbations effi-
ciently promote small-scale shear instability, thereby enhancing the entrainment
rate. These observations imply that enhanced entrainment promotes rapid scalar
mixing at small scales without affecting the large-scale scalar distribution.
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4 Conclusions

DNS has been performed to investigate the potential for enhancing passive scalar
mixing through the excitation of small-scale shear instability. This study simu-
lates a turbulent front without mean shear, subjected to external perturbations
of constant wavelength. When the wavelength corresponds with the unstable
mode of shear layers, as documented in previous research [42], the perturbations
lead to an increase in the entrainment rate. This enhancement of entrainment
does not occur for perturbations with wavelengths irrelevant to the shear insta-
bility. The impact of this entrainment enhancement on scalar mixing has been
evaluated using passive scalar statistics. The mean scalar profile and rms scalar
fluctuations, primarily influenced by large-scale scalar distributions, remain unaf-
fected by the increased entrainment rate. However, the scalar dissipation rate
experiences amplification as a result of increased entrainment. This amplification
is attributed to enhanced scalar fluctuations at small scales. The characteristics
of shear layers are defined by Kolmogorov scales, and the length and veloc-
ity scales of the shear layers, normalized by Kolmogorov scales, are consistent
across different flows and Reynolds numbers. The findings suggest that small-
scale shear instability can be exploited to enhance entrainment and small-scale
scalar mixing in various intermittent turbulent flows.
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