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Abstract

Recent developments in the physics and modeling of interfacial layers be-
tween regions with different turbulent intensities are reviewed. The flow
dynamics across these layers governs exchanges of mass, momentum, en-
ergy, and scalars (e.g., temperature), which determine the growth, spread-
ing, mixing, and reaction rates in many flows of engineering and natural
interest. Results from several analytical and linearized models are reviewed.
Particular attention is given to the case of turbulent/nonturbulent interfaces
that exist at the edges of jets, wakes, mixing layers, and boundary layers. The
geometry, dynamics, and scaling of these interfaces are reviewed, and future
lines of research are suggested. The dynamics of passive and active scalars
is also discussed, including the effects of stratification, turbulence level, and
internal forcing. Finally, the modeling challenges for one-point closures and
subgrid-scale models are briefly mentioned.
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Interface: thin layer
(of finite thickness)
that lies between
regions of high and
low turbulence;
typically identified
from gradients of
vorticity or scalar
concentration

Laminar superlayer:
extremely thin layer
matching the
irrotational region to a
vortical flow; sits
adjacent to the
turbulent sublayer

Kolmogorov
microscale:
approximate length
scale at which energy
dissipation occurs;
ν3/4ε−1/4, where ε is
the dissipation rate on
the turbulent side of
the interface

Taylor microscale:
largest length scale at
which the viscosity
affects turbulent
vortices in a flow;
λ = 15ν〈u2

1〉/ε
DNS: direct
numerical simulations

Boundary velocity
(Eb ): mean outward
velocity of the
interface

1. INTRODUCTION

The sharply defined edges seen in clouds (Howard 1803) and plunging jets (Leonardo da Vinci)
are generic features of many turbulent flows. Prandtl (1928 [1905]; see Bodenschatz & Eckert
2011) first pointed out the existence and importance of these instantaneously observed interfaces
at the edges of turbulent shear layers that bound turbulent and nonturbulent regions, whereas
Howard (1803) and Reynolds (1901) noted that the different characteristic forms, as well as the
detailed structure of these interfaces, indicated how many flow processes, such as rainfall, are
related to the dynamics and thermodynamics within them. This review focuses on the new critical
flow phenomena that explain the importance of these interfaces for the global dynamics of the
flow.

Corrsin & Kistler (1955) provided the first examination of interfacial processes that occur ad-
jacent to a free shear layer and that separate turbulent from nonturbulent regions (see Figure 1).
They postulated the existence of a laminar superlayer, which smoothly matches very small tur-
bulent/vortical fluctuations—comparable to the Kolmogorov microscale fluctuations—to weak
low-frequency external fluctuations with larger scales, which were conjectured to be irrotational
(Phillips 1955). This observation led to the definition of the fluctuating interfacial layer as the
region where the gradients of vorticity fluctuations are maximal.

Since Townsend (1948), measurements at fixed points in the vicinity of these layers have been
reported for numerous shear layers. Many flow variables (e.g., velocity, temperature) display inter-
mittency and were used to characterize the statistics of the interface fluctuation (Townsend 1948).
These measurements also showed the location, the approximate form, and the thickness of the fluc-
tuating interfacial layer, initially known as the viscous/laminar superlayer (see, e.g., Hinze 1961).

Despite theoretical arguments that there could not be a maximum in the vorticity magnitude
across the interfacial layer (Reynolds 1972), numerical simulations and experiments have identi-
fied an approximately continuous interfacial layer, with a maximum in vorticity and a thickness
corresponding to the Taylor microscale (Bisset et al. 2002, Westerweel et al. 2005). Direct numer-
ical simulations (DNS) show that elongated microscale vortices exist within these layers (da Silva
et al. 2011). But as experimental and numerical studies by Holzner et al. (2011) have shown, these
fluctuating vortices move at the characteristic microscale speed relative to the large-scale flow,
which explains why they do not directly control the large-scale movements of the interfacial layer
(Hunt et al. 2011). Similar structures occur in turbulent flows at very high Reynolds numbers, but
we do not discuss these further (Ishihara et al. 2009, Worth & Nickles 2011a).

Presently, the study of interfacial layers uses whole-field snapshots of the velocity field near
the interface. This instantaneous Eulerian view is one in which the flow properties (velocity field,
temperature, and concentration) change rapidly across the edge of the turbulent region. This view
is quite different from the classical statistically averaged view that is based on time or ensemble
averages, which smear out measured values, resulting in an approximately Gaussian variation of
the velocity or concentration across jets, plumes, and wakes. Theoreticians have mainly favored
the statistically averaged view, using mixing-length or constant eddy-viscosity models, as this tends
to agree closely with similarity solutions of the diffusion equation. However, the basis of these
models is questionable (Hinze 1961, p. 276).

We define an interface layer as a thin region with a finite thickness δ that separates either
(a) regions of different turbulent intensity or (b) turbulent and (external) irrotational flow regions.
The velocity field, u∗, is expressed in terms of a local steady U and fluctuating component, u
(i.e., u∗ = U + u). We define here two important velocities in the study of interfacial layers
(see Figure 1). As the turbulent flow evolves (with time or distance), the average position of the
interface moves outward with a boundary velocity Eb (= d 〈yi 〉/dt). In some flows, there is also a
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Figure 1
Schematic showing the several regions, length scales, and main physical processes that take place inside a free shear layer. Included are
intense vorticity structures (IVS; worms, red ); large-scale vortices (LVS; yellow); the thickness of the viscous superlayer, δν ; and the
thickness of the turbulent sublayer (or vorticity interface), δω. The turbulent/nonturbulent (T/NT) interface with coordinate Y i
(direction inwards and normal to the layer) is defined by the line separating these two sublayers. Eb is the outward velocity of the
interfacial layer, and Ev is the mean velocity of the flow in the direction of the layer. �U is the velocity jump near the T/NT interface.
Events of engulfing and nibbling are also represented. The background image is adapted with permission from Mathew & Basu (2002).
Copyright 2002 American Physical Society.
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Entrainment velocity
(Ev): mean speed of
fluid in R(+) toward
the interface

Intermittency
function: a function
representing the
fraction of time a fixed
point is inside the
turbulent region

RDT: rapid distortion
theory

significant entrainment velocity Ev (= −U 2) toward the interface (defined in a fixed or Galilean
frame of reference). Because these entrainment velocities are affected by different aspects of the
velocity field near the interfaces, they differ in sign and magnitude for different types of flow
but are generally of the same order and comparable with the root-mean-square (RMS) velocity
u(H ) on one or the other side of the interface (Hunt et al. 1985, Turner 1986). The boundary
and entrainment velocities are linked through the critical processes that occur at the interface.
The outward movement of the interface is generally classified using anthropomorphic analogies
of engulfment and nibbling (Mathew & Basu 2002, Westerweel et al. 2009), with engulfment
referring to the inviscid component of the outward growth, caused by the large-scale ingestion
of external (usually irrotational) fluid, and nibbling referring to a partially viscous process that
leads to the outward growth of the interface caused by irregular small-scale eddy motions near it.

Fluid elements outside the interface, which are initially irrotational, may acquire vorticity
in one of two ways (see Figure 1): either locally at selected zones, in which there are large-
scale fluctuations of the interface with negative curvature pointing inward (engulfment), or along
the entire interface by a viscous diffusion process (nibbling). Which mechanism dominates is the
subject of some debate. Some diagnostic tools have been developed to quantify the nibbling versus
engulfment processes, such as quantifying the volume of the flow that acquires vorticity. For jets,
recent results suggest that the nibbling mechanism is dominant (Mathew & Basu 2002, Westerweel
et al. 2005). However, previously other studies have concluded that engulfment processes dominate
entrainment and mixing in both jets and wakes (e.g., Dahm & Dimotakis 1987, Ferré et al.
1990, Mungal et al. 1991, Dimotakis 2000). Part of the challenge in answering this still open
question is how to objectively discriminate between the engulfment and nibbling mechanisms.
This question can now be approached using available instantaneous experimental and numerical
three-dimensional data fields.

For complex problems, for which idealized models of unidirectional jets and wakes are unsuit-
able, practical applications are based on Reynolds-averaged equations written in fixed coordinates.
In the commonly used (e.g., k-ε) models, the mean momentum and scalar fluxes are still based
on mean gradients, but the eddy viscosity and diffusivity are based on ratios of mean turbulence
quantities. More complex models are based on higher-order coupled equations involving turbu-
lence moments. An important issue is how to apply these models in a strongly inhomogeneous
flow, such as near an interface in which the turbulence is varying rapidly in time and space (e.g.,
Cazalbou et al. 1994, Hunt et al. 2001).

Recent studies of such interfaces in experiments, numerical simulations, and idealized
theoretical models are helping to identify and answer some of the basic questions raised by these
flows, but many outstanding conceptual gaps remain, which are important for practical problems
identified in this review. The characteristics of these interfaces are likely not universal and
depend on the type of turbulent flow examined (see Section 2). In the present review, we discuss
the general characteristics of the interfaces for different types of flow, its dynamics, and scaling
laws (Section 3). We highlight their relevance to practical industrial and environmental flows in
Sections 4 and 5 before drawing the strands of our discussion together, concluding in Section 6.

2. IDEALIZED MODELS OF INTERFACIAL LAYERS

Various idealized models based on rapid distortion theory (RDT) have been applied to understand
the key processes that occur above and below the interface. These models provide a conceptual
framework for interpreting the results of computations and experiments (Phillips 1955, Hunt &
Graham 1978, Carruthers & Hunt 1986, Perot & Moin 1995a,b). In this section, we review the
main conclusions from the idealized models of interfacial layers.
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Figure 2
Idealized models of eddies and interfacial layers. (a) Idealized shear-free interfacial layer. The idealized interface is flat. (b) Idealized
sheared interfacial layer and (c) schematic of the turbulent statistics generated by vortices moving adjacent to an interfacial layer. For
case i, the velocity of eddy Uv is equal to the mean velocity U (−)

1 , but in case ii, Uv is much smaller or larger than U (−)
1 .

2.1. Effects of Shear Layers on External Fluctuations (Blocking/Sheltering)

Let us consider two flow regions R(+) and R(−), shown in Figures 1 and 2a, that are separated by
a fluctuating interface at x2 = yi . The mean position of the interface is at 〈yi 〉, which varies slowly
with time or distance along the flow. We first discuss the idealized shear-free case (dU1/d x2 = 0).
In R(−), well below the interface, the flow consists of homogeneous turbulence [denoted by u(H ),
with ω(H ) the corresponding vorticity field] with RMS velocity u(H ) and integral length scale L.
Within a distance L of the interface, there is an interaction between the fluctuating interface and
turbulence. In R(+), the fluctuations are irrotational because, although some eddies may escape
into this region, they are rapidly re-entrained (Hussain & Clark 1981).

The vorticity field does not change significantly on a timescale of the order of T L = L/[u(H )],
during which the vorticity field in R(−) is the same as the initial vorticity field, i.e., ω = ω(H ).
The velocity field in R(−) can be expressed in terms of the initial velocity field and an irrotational
component as u(−) = u(H )+∇φ(−), whereas the velocity field in R(+) is irrotational and u(+) = ∇φ(+)

[where ∇2φ(+) = ∇2φ(−) = 0]. The homogeneous turbulence is usually described in terms of
Fourier modes with a prescribed energy spectrum. Matching conditions have to be specified
across the thin interfacial layer to calculate the distorted flow in R(−) and R(+); these are that the
normal velocity u2 and the pressure p are continuous. The boundary conditions require ∇φ to
tend toward zero far from the interface.

Typical vertical profiles of mean square values of the horizontal and normal components (u2
1 and

u2
2) are plotted in Figure 2a. The most important physical conclusion is that the normal component

decreases close to the interface. Below the interface, the horizontal components increase toward the
layer and then discontinuously decrease by about u(H )2 (Bisset et al. 2002). Above the interface, both
components decrease in proportion to [(x2 − 〈yi 〉)/L]−4, which has been confirmed experimentally
in many types of turbulent shear flow (Bradshaw 1976, Teixeira & da Silva 2012).

The impinging eddies lead to a large straining of the small-scale motions in the interfacial
layer, which keeps the interfacial layer thin. The gradients within the interfacial layer are affected
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Shear sheltering:
inviscid mechanism in
which significant
fluctuating and mean
shear suppresses
velocity fluctuations
and vortices
penetrating a shear
layer

Turbulent sublayer:
layer within the
interface associated
with the rapid growth
of the vorticity
magnitude or vorticity
jump

by viscous stresses that lead to microscale motions on a range of length scales. As the flow develops
in time or in the flow direction, the high vorticity in the fluctuating interface induces the interface
to move outward with a mean boundary entrainment velocity [Eb = d 〈yi 〉/dt ∼ u(H )]. This can
be compared to Eulerian turbulence statistics in fixed coordinates for the outer edge of free
shear flows, which shows that these are consistent with the interface analysis. The skewness of
u2 is positive because of the upward advection of energetic eddies (e.g., Wyngaard 1992). This
idealized interface model can be extended to flows for which there are independent turbulent
(rotational) motions that are initially on either side of the interface. Whereas the vorticity fields
in R(+) and R(−) are initially uncorrelated, as the flow develops, the irrotational motions in R(+)

generated by rotational motions u(−) in R(−) interact with each other and generate larger scales in
u(+), and vice versa. Thus, over time T L, there is a tendency for flows in R(+) and R(−) near the
interface to become correlated, although an interfacial layer persists.

These linearized interface models are also applicable when the fluid in R(+) is stably stratified.
If the stratification extends throughout the region and is strong enough, then significant energy
from R(−) can propagate away from the interface (Carruthers & Hunt 1986, Caughey & Palmer
1979). But if there is a stable inversion layer at x2 = yi , trapped waves grow at the interface until
they are limited by wave breaking and dissipation (Fernando & Hunt 1997).

2.2. Sheared Interfaces

In strongly sheared interfacial layers (see Figure 2b), there is a significant jump in the mean
streamwise velocity �U [= U (−)

1 −U (+)
1 ] across the interface [i.e., �U � u(H )]. For the idealized

linearized model, the basic forms of the velocity perturbations in the external and internal regions
are the same as for shear-free layers (Hunt & Durbin 1999). However, the matching conditions
are different because the vertical displacement of the sheared interface affects the fluctuations of
the vertical velocity u2, and this leads to a quite different type of flow than that in Section 2.1.

A key mechanism that may operate at the interface is shear sheltering. This can be explained
with an example of a disturbance, such as a vortex, moving with speed U v in R(−), where the flow
perturbation is u(−)

1 ∼ u(H )e ik(x1−U v t) parallel to U (−). When U v = U (−)
1 , both the interface and

pressure fluctuations are zero, and there are no velocity fluctuations in the external region R(+).
In this situation, the interface acts like a rigid barrier and blocks the normal velocity u(−)

2 , leading
to an amplification of u(−)

1 ( Jacobs & Durbin 1998). However, when the difference between the
eddy speed and the mean speed U (−)

1 is large, pressure fluctuations are significant, and the velocity
fluctuations have the same form as if there was no shear across the interface [if �U � u(H )], as
shown in Figure 2c. The mechanism can also be explained in terms of how the eddies in R(−)

distort the thickness and vorticity along the interfacial layer and then induce normal velocity
fluctuations in the opposite direction to that of the impinging eddy (Batchelor 1967). The
straining associated with the impinging eddies also suppresses the growth of Kelvin-Helmholtz
billows on the surface of the interfacial layer, which is why such shear layers remain thin and have
a limited tendency to roll up (Dritschel et al. 1991).

2.3. Dynamics of Interactions

Numerical simulations, experiments, and theory indicate that at high Reynolds numbers, a mean
vortex sheet exists in the interfacial layer. What are the dynamical mechanisms that prevent these
interfacial layers from diffusing outward and thickening? For a strong interface, characterized
by |�U |/u(H ) ∼ 1, the mean external velocity profile exhibits a finite jump (related to the tur-
bulent sublayer) with a uniform gradient (related to the mean shear). Pressure fluctuations of
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T/NT: turbulent/
nonturbulent

order ρu(H )2 affect the interface, displacing it by ∼ (u(H )/�U )L. Therefore, to first order the
turbulence is blocked by the shear layer [i.e., u(−)

2 = 0 at x2 = yi ]. The flow generated by a
large-scale disturbance moving toward the interface is blocked kinematically, generating an ap-
proximately local linear straining flow, and the impact and strain lead to an amplification of the
small-scale eddies. Another question is how the layer affects the eddies and the large-scale shear
in R(−) (Hunt et al. 2008). A mechanistic analysis of the distortion of an eddy in this bulging
region of the interface shows that a balance between the strain, which scales as 
(−) ∼ u0/L,
and diffusion limits the size of the vortices, and hence the turbulent sublayer, to a thickness of√

ν/
(−) ∼ LRe−1/2 (with Re = u(H ) L/ν) at the sheared interface. Other aspects of the strained
vortices in the sublayer are discussed in Section 3. In the next phase of their life cycle, external
fluid elements typically move toward the inflow region of the interface, where the streamlines
converge along the surface before moving downward into the turbulent region (Figure 1). The
inflow leads to anistropically elongated eddies with respect to the interface. This mechanism of
inhomogeneous straining by large-scale turbulence leads to a finite amplification of the mean
vorticity.

For |�U |/u(H ) � 1, the interface is weakened and significantly distorted, with inward motions
forming inward cusps, while smooth bulges tend to form in the outward direction (see Figure 1).
The local processes associated with these inward cusps are significant for the overall flow because
they affect the transport across the shear layer and contribute to the dissipation of energy in the
turbulent region. During these events, the straining flow generated by the vortices is stronger than
the ambient flow, and the velocity of the large-scale eddies u(H ) in the turbulent region is large
compared with the velocity jump �U across the interface. The initial dynamics of the entrainment
process can be understood from an inviscid Lagrangian analysis, whereas the latter dynamics can be
understood using a conformal mapping technique (Bazant & Moffatt 2005; Hunt et al. 2006, 2008)
that accounts for viscous effects. In time, the converging flow that causes engulfment strains the in-
terfacial vortices, leading to an interface of finite thickness

√
ν/
(−) ∼ LRe−1/2 owing to the balance

between straining and diffusion. The effect of the cross-stream diffusion of vorticity is then reduced,
together with the vorticity magnitude at the interface, as we move toward the shear layer. Thus,
the peak vorticity in the entrainment interface quickly becomes comparable with that in the shear
layer.

3. THE STRUCTURE OF A TURBULENT/NONTURBULENT
INTERFACE

The simplest interfacial layer is one that separates turbulent and irrotational regions of flow,
and these are common in free shear and boundary layers. This can be seen as an extreme case
of an interfacial layer between two regions of different turbulence intensities (zero turbulence
intensity on one side of the layer). The most distinctive feature characterizing either side of a
turbulent/nonturbulent (T/NT) interface is vorticity (Corrsin & Kistler 1955), which is the most
natural metric to use in defining this interface. At first sight, it would seem relatively straightfor-
ward to discriminate between vortical and irrotational regions and define the interface position;
however, in practice, existing perturbations and numerical or experimental noise in the irrotational
region prevent the use of a simple approach.

3.1. The Viscous Superlayer and the Turbulent Sublayer

Figure 1 shows a schematic of the interface layer that consists of two adjacent layers bridging
the irrotational and turbulent regions: the viscous superlayer (with thickness δν ) and the turbulent
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PDF: probability
density function

sublayer (with thickness δω). In the viscous superlayer, vorticity is introduced through viscous
diffusion, with zero or negligible vorticity production. This layer exists because the only way an
initially irrotational fluid element can acquire vorticity is by diffusion (Batchelor 1967). However,
until recently, no direct observation of this layer had been reported (Westerweel et al. 2009). In
the turbulent sublayer, the vorticity profile has to match the vorticity from the turbulent region to
the vorticity in the viscous superlayer, beyond which the flow is irrotational. The T/NT interface
is sometimes seen as a surface (with zero thickness) that is between or within one of these two
(sub)layers, although most of the time the term T/NT interface is simply used to mention the
turbulent sublayer (with finite thickness).

3.2. Detection of the Turbulent/Nonturbulent Interface

Several methods have been employed to detect the T/NT interface. For example, one technique
involves applying a low-vorticity magnitude threshold, below which flow regions can be considered
(approximately) irrotational. The selection of the appropriate vorticity magnitude threshold often
relies on the common observation that there is a vorticity magnitude range in which many statistics
of the interface layer (e.g., conditional vorticity profiles relative to the T/NT interface shape) are
weakly dependent on the threshold value. To illustrate this fact, Figure 3a shows the histogram of
the fraction of vortical (or turbulent) volume of a shear-free flow, which has a vorticity magnitude
larger than a threshold value ω̃ = |ω|L/u(H ). In this example, there is a plateau of the vortical flow
fraction around ω̃ = 3, and any value of threshold vorticity magnitude within this plateau can be
used as a robust technique for the detection of the T/NT interface, leading to similar statistics.
Figure 3b,c shows the position of the T/NT interface where the vorticity magnitude used to
detect it is within this plateau.

In a numerically simulated wake, Bisset et al. (2002) observed that for vorticity (magnitude)
thresholds near |ω| ≈ 0.7U 0/δ (with U 0 and δ the mean velocity scale of the wake and the shear
layer thickness, respectively), the conditionally averaged profile of vorticity magnitude is weakly
dependent on the threshold vorticity, and this threshold can be used to define the T/NT interface.
Other approaches of defining the T/NT interface consist of analyzing (a) the vorticity probability
density functions (PDFs) at points on a line through the edge of the turbulent flow, which are
observed for a change of shape near the T/NT interface ( Jiménez et al. 2010); (b) the turbulent
kinetic energy (e.g., Holzner et al. 2007); or (c) a passive scalar field with a very high Schmidt
number (Westerweel et al. 2005). The disadvantage of using the turbulent kinetic energy is that
its change across a shear-free interface is less dramatic than the vorticity magnitude (Carruthers
& Hunt 1986). Indeed, similar levels of kinetic energy exit in either side of the T/NT interface
precluding the use of this quantity as a clear discriminator between the two sides of the T/NT
interface (see also Section 2.1).

3.3. The Geometry of the Turbulent/Nonturbulent Interface

The T/NT interface has a convoluted shape that depends on the flow and level of turbulence,
as illustrated in Figure 4a for a planar turbulent jet. The PDF of the interface position is ap-
proximately Gaussian with a small nonzero skewness and flatness slightly above 3 in jets and
wakes (Bisset et al. 2002, da Silva & Pereira 2008, Westerweel et al. 2009). The local slope of
the T/NT interface was measured in a wake (LaRue & Libby 1976) and was shown to be asym-
metric, with steeper slopes on the upstream than on the downstream edges, which is inconsistent
with Gaussian statistics for the T/NT interface position. In boundary layers and shear-free flows,
the T/NT interface exhibits a fractal-like structure with a dimension of D ≈ 2.36, between the
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Figure 3
(a) Vortical (or turbulent) flow fraction as a function of the vorticity magnitude [normalized by the
root-mean-square velocity and the integral scale ω̃ = |ω|L/u(H )] in a shear-free direct numerical simulation.
There is a plateau between ω̃ = 0.53 and ω̃ = 5.8, where the fraction of the vortical (or turbulent) region
changes very slowly with the vorticity magnitude (threshold). Any value within this plateau could be used to
define the turbulent/nonturbulent (T/NT) interface (or, alternatively, the vorticity magnitude threshold
defining the T/NT interface is within this plateau). (b,c) Side view of contours of the vorticity magnitude
with the associated T/NT interface (dark line) for the same simulation as for the two thresholds defined by
the blue vertical lines in panel a: (b) ω̃ = 2.0 and (c) ω̃ = 4.0. The T/NT interface location in these panels is
almost the same and discriminates well between regions of T/NT flow.

Kolmogorov and the integral scales (Sreenivasan et al. 1989). Therefore, the surface area at the
Kolmogorov length scale Aη can be expressed as a function of the surface area measured at the
integral scale AL [i.e., Aη ∼ AL(η/L)2−D], which is consistent with estimates of the entrainment
rate Q, based on either large- or small-scale motions; i.e., Q ∼ uL AL ∼ uη Aη (Sreenivasan et al.
1989).

There remain several open questions regarding the geometry of the T/NT interface in
boundary layers and free shear flows. First, with regard to the statistics of the position of the
T/NT interface, it is unclear which statistics, such as the shape of the PDF, are universal,
and which depend on the flow type, initial conditions, and Reynolds number. Some features
are flow dependent because the large-scale convolutions observed on the surface of the
T/NT interface are known to be the imprint of the large-scale vortices underneath its surface
(Figure 4b) (e.g., Bisset et al. 2002), whereas some small-scale features of the interface, such
as the fractal dimension, may be universal for some scales. Catrakis et al. (2002) and Aguirre &
Catrakis (2005) have provided a more detailed discussion on the geometry of scalar interfaces in
jets.
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Figure 4
(a) Visualization of the turbulent/nonturbulent (T/NT) interface in a planar turbulent jet through an isosurface of constant vorticity
magnitude [from the simulations of da Silva & Taveira (2010)]. (b) Close-up of the T/NT interface (translucent orange) and of the
coherent vortices below its surface: large-scale vortices and small-scale intense vorticity structures. The large-scale vortices are defined
by low-pressure isosurfaces (white), and the intense vorticity structures (worms; solid yellow isosurfaces) are defined by a vortex tracking
algorithm described in Jiménez & Wray (1998). The local radii of each intense vorticity structure correspond to a small yellow disc.
The T/NT interface exhibits a very contorted shape whose length scale is dictated by the large-scale vortices underneath. In the
present case, the scale of the large-scale convolutions on the T/NT interface is of the order of the Taylor microscale. Panel b taken
from da Silva & dos Reis (2011) with permission. Copyright 2011, The Royal Society.

Conditional average:
average taken
conditional in a local
reference frame
centered on the
position of the
interface

3.4. Conditional Statistics in Relation to the Turbulent/Nonturbulent Interface

The analysis of the flow at interfacial layers has benefited from the use of conditional statistics
relative to the interfacial layer. This approach was pioneered by Bisset et al. (2002) and is described
in Figure 5a. The use of the mean conditional profiles of any flow variable results in much sharper
gradients than does the use of classical (time/space) averages, as illustrated for the mean viscous
dissipation rate in a wake (see Figure 5b). With the use of classical statistics, the large-scale
intermittency of the flow combines information from the adjacent turbulent and nonturbulent
flow regions, smoothing the resulting mean profiles.

Conditionally averaged measurements relative to the interface show a clearly identifiable peak
and a jump in the tangential vorticity component ω3 as we move into the interface (Figure 5c).
Jumps have been observed also for the conditionally averaged streamwise velocity and concen-
tration. These mean profiles can be locally approximated by a step function adjacent to a linear
gradient (Bisset et al. 2002, Westerweel et al. 2009). The magnitude of the jump is much larger
for the case of a dye (with a high Schmidt number) than for velocity (Westerweel et al. 2009).

In contrast, the usual ensemble- or time-averaged measurements exhibit a self-similar, approx-
imately Gaussian velocity profile within a jet for various positions downstream. Conceptually,
both views are linked: using information about the PDF p(x2) of the interface position, one can
derive a relationship between the mean fluxes, gradients of the velocity and scalar concentration,
and ensemble-averaged views. The Gaussian form observed (e.g., in wakes behind bodies, jets,
plumes) is mostly a consequence of the random movement of these sharp-edge flows.
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(a) Sketch of the procedure used to detect the turbulent/nonturbulent (T/NT) interface. This approach was pioneered by Bisset et al.
(2002) and consists of the following steps: detect the T/NT interface position, for example, using a vorticity threshold (the interface
consists of a continuous surface with constant vorticity magnitude); define the interface envelope, whose coordinate is yi ; define a new
coordinate system centered on this interface; and compute statistics (e.g., mean profiles, PDFs) in this local coordinate system.
(b) Comparison between classical time/space (dashed-dotted gray line) and conditional (solid blue line) mean profiles of viscous dissipation
in a wake. Panel b taken with permission from Bisset et al. (2002). Copyright 2002 Cambridge University Press. (c) Mean conditional
vorticity |ω3| as a function of the distance from the interface at three different distances from the nozzle. Panel c adapted with
permission from Westerweel et al. (2009). Copyright 2009 Cambridge University Press.

In the mean conditional profile 〈U 1〉 of jets, wakes, and plumes, inflection points occur within
the interfacial layer. This leads to small-scale Kelvin-Helmholtz instabilities at this location. The
most energetic eddies are produced by the conditionally averaged shear d〈U 1〉/dx2 within the
turbulent region (i.e., nonmodal, rapid distortion or horseshoe eddies) (Ferré et al. 1990, Hunt &
Carruthers 1990). However, in boundary and mixing layers, the inflection point occurs in the flow
interior, generating larger-scale Kelvin-Helmholtz instabilities in the turbulent regions (Ishihara
et al. 2013).
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3.5. The Scaling of the Turbulent/Nonturbulent Interface

The characteristic scales of the interface layer have been a controversial subject in recent years, in
part because of the different definitions employed. Corrsin & Kistler (1955) estimated the thickness
of the viscous superlayer δν to be of the order of the Kolmogorov microscale. The arguments can
be summarized as follows. The viscous superlayer controls the process by which vorticity ω′ in
R(−) diffuses into the irrotational flow region, R(+). The length scale associated with this process
is therefore controlled by the viscosity of the fluid ν and by straining that is of order ω′ [with
ω′ ∼ (ε/ν)1/2]. Therefore, on physical as well as dimensional grounds, δν ∼ √

ν/ω′ ∼ η, where
η is the Kolmogorov microscale (Davidson 2000). This scaling was confirmed in experimental
data from the turbulent front generated by an oscillating grid (Holzner et al. 2007, 2008) and
more recently from a turbulent round jet (Wolf et al. 2012). These experimental estimates are
indirect measures of the mean viscous superlayer thickness as the features of this layer are not
directly captured. As highlighted by Taveira & da Silva (2013b), important viscous effects near
the edge of the T/NT interface can only be observed using very fine resolutions no larger than
η. Another recent work in which this length scale has been simulated is by Ishihara et al. (2013).
Direct visualization and measurement of the characteristics of this viscous superlayer, as well as
its continuity, are some aspects that still require more detailed analysis.

In contrast, the thickness of the turbulent sublayer δω has been directly assessed in several
flows. Let us recall that this layer is responsible for the change in vorticity from the viscous
superlayer to a region where the flow is (statistically) similar to that deep inside the turbulent
shear layer. Indeed, in several flows, a sharp increase (or jump) of all vorticity components is
observed in this layer, and the thickness of the vorticity or turbulent sublayer can therefore be
defined as the thickness associated with this vorticity jump. This is most easily observed and
measured in the conditional mean vorticity magnitude profile as a function of the distance from
the T/NT interface location, which is shown in Figure 6 for several flows. Apart from the
profile from a shear-free interface (without mean shear), the thickness of the turbulent sublayer
is comparable to the Taylor microscale λ. Interestingly, the linear analysis of the vortex motion
described in Section 2 and also the theoretical results from Ruban & Vonatsos (2008) suggest
that the characteristic scale for the turbulent sublayer is the Taylor microscale.

The scaling of the turbulent sublayer is linked with the geometry of the T/NT interface because,
as is well known (e.g., Townsend 1966, 1976), this surface is roughly defined around the regions
of vorticity, which are concentrated in the form of vortex tubes (Worth & Nickels 2011a,b), where
the characteristic radius R of the largest vortices near the T/NT interface is comparable to the
interface thickness (i.e., R ≈ δω) (da Silva & Taveira 2010). The coherent vortices in the proximity
of the T/NT interface tend to be tangential to it because ω · n̂ = 0, where n̂ is the unit vector
normal to the interface, as a consequence of the solenoidal property of the vorticity field (da Silva
& dos Reis 2011). Dynamic equilibrium between vortex stretching and diffusion on these vortices
(in jets, mixing layers, and wakes) then leads to the observed scaling/thickness in which δω ∼ λ,
whereas in shear-free turbulence (e.g., bounding a field of turbulence), the thickness of this layer
is of the order of the Kolmogorov microscale, δω ∼ η.

This scaling was confirmed for several flows in a range of Reynolds numbers (based on the
Taylor microscale) up to Reλ = u′λ/ν ≈ 160, but the scaling at very high Reynolds numbers may
need further investigation. A challenge in investigating this issue arises because the relative size
of the Taylor to Kolmogorov microscales has a weak dependence on Reλ (i.e., λ/η ∼ Re1/4

λ ), and
the range of Reλ that can be studied presently is limited.

Moreover, some authors suggest that at very high Reynolds numbers, even in the presence of
mean shear, the largest eddies are too fragmented, and only eddies of the order of the Kolmogorov
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Figure 6
Conditional mean profiles of the total or root-mean-square vorticity magnitude, as a function of the distance from the turbulent/
nonturbulent (T/NT) interface, for several flows for which the distance from the T/NT interface yi is normalized using (a) the
Kolmogorov microscale η and (b) the Taylor scale λ. The vorticity profiles are normalized by the mean value deep inside the turbulent
region [e.g., (yi − x2/η → ∞)] to allow comparison. The simulations are for a planar turbulent jet (total vorticity; da Silva & Taveira
2010), mixing layer (total vorticity; Attili & Bisetti 2012, 2013), wake (root-mean-square vorticity; Bisset et al. 2002), shear-free
turbulence (total vorticity; da Silva & Taveira 2010), and boundary layer (total vorticity; Sillero et al. 2013). For the shear-free
turbulence case, 1 and 2 stand for early and later stages in the flow development, respectively. In the boundary layer, 1 and 2 are for
different Reynolds numbers based on the momentum thickness, Reθ = U ∞θ/ν = 2,800 and Reθ = 6,650, respectively.

microscale survive (despite abundant examples of very high–Reynolds number flows with clear
signs of very large-scale vortices, as reported in Cannon et al. 1993). Another issue at very high
Reynolds numbers has to do with the role played by the (large- or small-scale) eddies in defining
the T/NT interface envelope because this layer represents a relatively low-vorticity surface, and
presently such low-vorticity regions are poorly understood (Horiuti & Fujisawa 2008). In any
case, the dynamics of the small-scale (intense) vortices near the T/NT interface is to some extent
similar to the vortices deep inside the shear layer, as shown by da Silva et al. (2011). Specifically,
the Burgers vortex model is a good description for the worms near the jet edge, but here vortex
diffusion slightly surpasses vortex stretching, implying that the worms at the jet edge are slowly
decaying vortices.

3.6. Dynamics of the Flow near the Turbulent/Nonturbulent Interface

Various theoretical, experimental, and numerical studies have examined single-point turbulent
statistics on either side of the interfacial layer, starting with the pioneering work of Phillips (1955).
He derived asymptotic scaling laws for these statistics in the irrotational region as functions of the
distance far from the T/NT interface [i.e., [(x2 − 〈yi 〉)/L]−4 � 1]. The normal stresses and mean
pressure in R(+) evolve as u′2 ∼ (x̃2)−4 and p ∼ (x̃2)−4, respectively, where x̃2 = x2 − 〈yi 〉. The
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mean dissipation decays as ε ∼ (x̃2)−6, whereas the Taylor and integral scales evolve as λ ∼ (x̃2)+1

and L ∼ (x̃2)−4, respectively, as discussed in Section 2 (Phillips 1955, Carruthers & Hunt 1986,
Teixeira & da Silva 2012).

Several theoretical (Phillips 1955, Carruthers & Hunt 1986, Ruban & Vonatsos 2008, Teixeira
& da Silva 2012), experimental (Holzner et al. 2007, 2008; Westerweel et al. 2009), and numerical
(Bisset et al. 2002, Taveira & da Silva 2013b) studies have assessed single-point statistics across the
interfacial layer itself within an integral scale of the interface, highlighting several characteristics
of these statistics. A well-known result that is recovered consists of the existence of irrotational
velocity fluctuations outside the interfacial layer (at the T/NT interface, the stresses are already
roughly half their turbulent value).

In a turbulent jet, the vorticity magnitude and rate of strain are roughly constant within the
turbulent region and decay with distance in R(+). By contrast, in shear-free/irrotational flows,
these quantities display large peaks close to the T/NT interface (Holzner et al. 2007, da Silva
& Pereira 2008). Because the strain exists in both the irrotational and rotational regions, viscous
dissipation of kinetic energy also occurs outside the turbulent region (see Batchelor 1967). It has
been observed that the coherent vortices in the proximity of the T/NT interface—which tend to
be preferentially aligned with the tangent to the T/NT interface—impose the local dissipation
maxima near the interface.

Enstrophy and kinetic energy budgets have been analyzed in a local reference frame centered
at the T/NT interface (Holzner et al. 2007, 2008; Westerweel et al. 2009; da Silva & dos Reis
2011; Taveira & da Silva 2013b). The enstrophy budgets show that shortly after the vorticity jump
at the T/NT interface, the enstrophy production and dissipation roughly balance, but just outside
the T/NT interface there is a net positive viscous diffusion of enstrophy, which otherwise is
negligible inside the turbulent region. For the limited range of Reynolds numbers considered, it is
observed that this mechanism takes place preferentially around the large- and small-scale vortices
near the T/NT interface. Recent experimental results support this finding (Gambert et al. 2013).

All the terms in the kinetic energy budget exhibit a maximum in a very narrow region, about
one to two Taylor microscales from the T/NT interface. Already inside the irrotational region
close to the T/NT interface, the kinetic energy starts increasing in the irrotational region by
pressure-velocity fluctuations, a mechanism that can act at distance, while inside the turbulent
region it continues to increase by advection and turbulent diffusion. The so-called peak production
is located inside the turbulent region at about one Taylor microscale from the T/NT interface
(Taveira & da Silva 2013b).

4. OTHER TYPES OF INTERFACIAL LAYERS

4.1. Dynamics of Passive Scalars in Interfacial Layers

In many engineering and environmental turbulent flows, scalars are introduced in various ways,
for example, from a point or distributed source in an inhomogeneous layer (e.g., in a ship wake or
a mixing layer near the top of a building) or as area fluxes at the boundaries of a turbulent region
(e.g., top-down and bottom-up transport processes) (Veeravalli & Warhaft 1990, Wyngaard 1992).
This results in an interfacial scalar layer of thickness δG in which important scalar gradients exist,
and that in many ways resembles the interfacial (vorticity) layer studied in this review. For many
applications (e.g., pollutant dispersion and combustion), the dynamics of the interfacial scalar layer
and scalar dissipation are extremely important and have to be understood.

Experimental and numerical work (Westerweel et al. 2009, Taveira & da Silva 2013a) on the
behavior of a passive scalar across the interfacial layer has shown a distinctive jump in the scalar
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concentration gradient that also exists for the mean velocity and is associated with a smaller
thickness than for the vorticity field (i.e., δG < δω). Specifically, in a turbulent jet with a passive
scalar with Schmidt number Sc = 0.7, the scalar gradient has a thickness of the order of the
Kolmogorov microscale, δG ∼ η, whereas the thickness of the scalar variation across the layer δθ

is considerably larger, of the order of the Taylor microscale, δθ ∼ λ (Taveira & da Silva 2013a).
The conditional statistics of the interfacial scalar layer suggest that the passive scalar dynamics in
this layer is considerably more challenging than the vorticity because the mechanisms governing
the passive scalar at the T/NT interface exhibit maxima and much steeper gradients than the
mechanism governing the velocity field (e.g., the conditional molecular dissipation of scalar
variance displays a massive peak near the T/NT interface, whereas the viscous dissipation of
kinetic energy presents a smooth transition from a roughly constant value inside the turbulent
region to zero in the irrotational region) (Taveira & da Silva 2013a).

4.2. Interfacial Layer Between Laminar Boundary Layers
and Free-Stream Turbulence

Boundary layers generate significant shear as a consequence of the no-slip condition and blocking
on account of the kinematic effect of the wall. These in turn affect the ability of disturbances above
and outside the boundary layer interface to penetrate the laminar sublayer. An inviscid shear-
sheltering mechanism (Hunt & Durbin 1999) dominates when the disturbances are traveling at
approximately the same speed as the external flow (i.e., the free-stream turbulence is advected by
the flow). The shear then blocks the normal velocity fluctuations, leading to an increase in the
parallel velocity fluctuations at the outer edge of the layer ( Jacobs & Durbin 1998). The fluctuating
shear associated with blocking leads to instability in laminar boundary layers and, if the boundary
layer Reynolds number is high enough, their transition to turbulence (a process that is deliberately
designed in aeroengines to ensure high lift on turbine blades). More recently, Zaki & Saha (2009)
showed, using idealized linear calculations, that the influence of shear dominates the blocking effect
of the wall and that for high–Reynolds number flows, the disturbance decays exponentially at the
edge of the boundary layer, but at low Reynolds numbers, oscillatory disturbances penetrate to the
wall. Many of these ideas and concepts have helped interpret the influence of external turbulence,
from wake shedding on the boundary layers of lifting surfaces and bypass routes to turbulence (Liu
et al. 2008, Zaki & Durbin 2005). The control of boundary layer flows to enhance the aerodynamic
properties of wings relies on a detailed understanding of the receptivity of the boundary layer
interface (see the sidebar, Control Theory of Turbulent Boundary Layers and Interfaces).

CONTROL THEORY OF TURBULENT BOUNDARY LAYERS AND INTERFACES

An active area of research involves the control of free turbulent shear layers, such as wakes and jets, by introducing
forces or local velocity fluctuations that can disrupt or strengthen natural fluctuations of the interfacial layers.
The possibility of flow control is linked with the dynamics of the interfacial layers as different entrainment rates
(caused by different controls and perturbations) must lead to some sort of geometrical and structural differences in
controlled/noncontrolled interface layers. W.C. Reynolds et al. (2003) reviewed how jets could expand by 100% or
more by resonant perturbations, which can also lead to huge decreases in sound generation. However, the natural
fluctuations and noise produced in the wakes of aircraft or birds’ wings can be reduced by disrupting the Kelvin-
Helmholtz billows that initially grow on the external interface (e.g., the quietness of the wakes of owls’ wings enables
them to catch their prey at night). This success is stimulating engineers to find equally novel effective designs for
reducing noise pollution.
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Figure 7
The effect of agitation on a density interface between the turbulence region R(−) and the nonturbulent region R(+). These represent
laser-induced fluorescence images of a stable interface forced on the lower side. The color denotes the local density of the fluids. As Ri
increases, the penetrative distance of the vortices is reduced, and the movement is then through interfacial waves. Figure adapted with
permission from McGrath et al. (1997). Copyright 1997 Cambridge University Press.

4.3. Shear-Free Interfaces with Stratification

Gravitationally stable density interfaces are a common feature of the natural environment;
for instance, in the ocean, a thermocline separates the upper turbulent mixed layer (∼100 m
thick) from a relatively low-turbulent layer beneath it. The influence of (stable) stratification
dramatically reduces the amplitude of the interfacial fluctuations, which can support gravity
waves (see Fernando 1992) and can lead to the trapping of pollution or heat on one side of the
layers (see Figure 7). When the flow is characterized by a sharp step stratification with turbulent
region R(−) (of density ρ + �ρ) and nonturbulent region R(+) of density ρ, the general properties
of the flow are characterized by a bulk Richardson number, Ri = �ρg L/ρu(H )2. Figure 7 shows
laser-induced fluorescence images for increasing Richardson number and illustrates how the
morphology of the interface changes with the increasing strength of the stratification. At low
Richardson numbers, the interface is essentially passive, dominated by engulfing motions—
the general properties are described in Section 2. An increase in the Richardson number (in the
range 1 < Ri < 15) generates small-scale wispy motions, as a result of eddy impingement on the
interface, as well as mixing (Linden 1973) caused by eddies that induce a local Kelvin-Helmholtz
instability (Mory 1991) as they scrape along the interface. As Ri = 15 is approached, there are
signs of eddies shearing off the interface, in addition to the presence of rebounding eddies. This
shearing mechanism becomes dominant at Ri > 15, where waves are generated that travel and
grow on and within the interface until they break and cause small-scale turbulence and mixing
(Hannoun & List 1988, Drazin 1969). When Ri > 40, entrainment is completely dominated
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by breaking interfacial waves. These interfacial waves move in random directions at velocities
comparable to u(H), where they are intermittently amplified until the interface steepens and then
breaks into fragments. In this wave-dominated regime, Fernando & Hunt (1997) predicted, using
a linear RDT model, that the RMS boundary velocity Eb,RMS and RMS interface position Y i,RMS

scale as Eb,RMS/u(H ) ∼ Ri−1/3 and Y i,RMS/L ∼ Ri−5/6; these scalings are confirmed by a number
of experimental studies, including McGrath et al. (1997). The mean movement of the interface
is through mixing, characterized by the dimensionless entrainment efficiency E = Eb/u(H ),
which decreases as the Richardson number increases. Various scaling laws identified with
E ∼ Ri−n and n have been reported as ranging from 1 to 1.75 (Fernando 1992)—the range of
values of n highlights the sensitivity of the interfacial processes to external effects, such as weak
convection.

4.4. Flows with External Turbulence and Internal Forcing

More complex mechanisms arise at interfaces when there is turbulence outside the shear layer
(Ching et al. 1995, Gaskin et al. 2004) or when there are large gradients of mean or fluctuating
body forces, which, for example, can increase the internal turbulence (Patterson et al. 2005).
These kinds of forced interfaces with high gradients of turbulence occur in the interior of
turbulent flows, at the tops of canopies or buildings (Belcher et al. 2012), at the top of the viscous
sublayer near a fixed wall (Ptasinski et al. 2003), and in jet discharges in coastal regions (Gaskin
et al. 2004). In these situations, the interface breaks down when the turbulence in both regions
becomes comparable, either when the turbulence in the high-intensity region decays or when
heating is applied to the high-intensity region.

External turbulence starts to have a dramatic effect when it becomes comparable to the RMS
velocity created by the jets, plumes, vortices, and wakes [i.e., u(−) ∼ u(+)]. As remarked by Rind
& Castro (2012) for wakes, a complicating factor in interpreting observations is that u(±) and
the integral scales in R(±), L(±), may also be evolving with the distance downstream, although,
for many environmental problems, the integral scale is usually sufficiently large that this effect
can be neglected. The current research provides some insight into when the transition occurs.
Some progress has been made on understanding the critical physics of wakes (where Ev/Eb � 1)
in the far-field limit when �U ∼ u(−) ∼ u(+). Experimental and computational studies con-
firm that when L(−)/L(+) � 1, two- and three-dimensional wakes spread ballistically (Taylor
1922). Conceptually, this represents a break from the usual continuum models for wake spread-
ing based on eddy-viscosity or mixing-length models. This leads to a dramatic reduction in the
velocity deficit as x−n

1 , where n = 2 for a sphere (Legendre et al. 2006, Amoura et al. 2010,
Eames et al. 2011a) and n = 1 for a cylinder (Eames et al. 2011b). For jets and plumes, the
outward movement of the interface that distinguishes the fluid from within the jet, from out-
side, ultimately occurs by turbulent dispersion (Ching et al. 1995). Although the jet/plume width
increases rapidly in the far field Eb , the entrainment velocity Ev decreases significantly, as pro-
posed by Hunt (1994) and confirmed experimentally by Gaskin et al. (2004) and Khorsandi et al.
(2013).

Jet diffusion flames and cloud production by rising humid air provide examples of heat re-
lease occurring in jets and plumes. Many studies have examined the influence of a heat injec-
tion zone on the global entrainment and mixing characteristics of a jet (which then becomes a
plume) in terms of the vorticity field. Bhat & Narasimha (1996) demonstrated this effect exper-
imentally with an imaginative setup that made use of a conductive acidic jet and ohmic heating
wires. The heat released accelerates the flow and narrows the plume (Agrawal & Prasad 2004),
tending to locally reduce the widening of the jet Eb . Heating or condensation suppresses the
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LES: large-eddy
simulations

growth in the plume width, indicating that entrainment is significantly reduced, as confirmed
by observations from clouds, particularly cumulus clouds. There is also a dramatic increase in
the RMS velocity within and above the heated region that also suppresses entrainment (Basu &
Narasimha 1999).

5. TURBULENCE MODELING CHALLENGES IN INTERFACIAL LAYERS

5.1. One-Point Closures

For one-point closures, an interesting problem arises in the context of interfaces. Both the turbu-
lent kinetic energy k = |u|2/2 and the viscous dissipation rate ε tend toward zero in the irrotational
region, and consequently, the eddy viscosity νe ∼k2/ε becomes ill defined, causing numerical prob-
lems (Cazalbou et al. 1994). The classical solution for this problem consists of utilizing Prandtl’s
(1956) hypothesis, which uses a constant (finite) eddy viscosity at the outer edge of shear layers
that eventually decreases to a smaller constant value of a background eddy viscosity inside the
irrotational region. Although models do not distinguish between the different dynamics on either
side of the T/NT interface, with appropriately chosen coefficients, such models might reproduce
the properties of the T/NT interface (Bisset et al. 2002). Westerweel et al. (2005) showed support
for the concept of a constant eddy viscosity in the turbulent region and a small but finite eddy
viscosity in the irrotational region, even though the turbulent kinetic energy decreases to zero in
this region.

5.2. Subgrid-Scale Models

In large-eddy simulations (LES), the large scales of motion are explicitly solved while the effect
of the unresolved (small-scale) motions on the large scales is modeled. Because the small scales
play an important role in entrainment as a result of nibbling, it is important to know whether this
raises new modeling challenges.

It has been shown that the subgrid scales of motion near the T/NT interface are far from equi-
librium and that they contain an important fraction of the total kinetic energy of the flow (da Silva
2009). This situation violates the assumptions used in classical LES approaches, and many existing
subgrid-scale models are not designed to cope with it. In agreement with this, it was observed that
model constants used in several subgrid-scale models such as the Smagorinsky model need to be
corrected near the jet edge, and the procedure used to obtain the dynamic Smagorinsky constant
is not able to cope with the intermittent nature of the T/NT interface region (da Silva 2009).

It may be argued that the details of the entrainment mechanism near the T/NT interface will
not affect the entrainment rate, which is thought to be dictated by the dynamics of the resolved
large scales of motion (see Section 3.3). However, this has not yet been confirmed in fine LES
studies of the T/NT interface region. Moreover, subgrid-scale modeling of a passive scalar near the
T/NT interface may prove to be substantially more challenging than for the velocity field because
of the importance of small scales for mixing. Presently little information exists on subgrid-scale
modeling in the context of interfacial layers.

6. CONCLUDING REMARKS

This review summarizes recent new developments on the physics of interfacial layers between
regions with different turbulent intensities. Particular attention is given to the T/NT interfaces
that exist at the edges of jets, wakes, and mixing layers. These interfaces are important because
exchanges of mass, momentum, and scalars take place across them, determining the growth,
spreading, mixing, and reaction rates in many flows of engineering and natural interest.
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The review describes in detail what is presently known of the structure of a T/NT interface, its
scaling laws, and its dynamics in relation to the idealized models. Finally, it addresses the effects of
external turbulence, forcing, and stratification and describes the future challenges for turbulence
modeling within interfacial layers.

SUMMARY POINTS

1. A T/NT interface layer is made of two sublayers: the viscous superlayer (where δv ∼ η)
and the turbulent sublayer (where δω ∼ λ or δω ∼ η, depending on the flow vortices near
the T/NT interface).

2. Across a T/NT layer, the conditional mean profiles of velocity, scalar concentration,
enstrophy, and scalar gradient exhibit jump conditions.

3. In a T/NT interface, many of the mechanisms governing the vorticity, kinetic energy,
passive scalar, and passive scalar gradient present maxima near the interface.

4. The Reynolds (normal) stresses and energy dissipation are not zero outside the turbulent
region, close to the T/NT interface.

5. The effect of external turbulence leads to a breakdown in the interface.

FUTURE ISSUES

1. In many cases, external and internal interfaces have a controlling effect on the average and
extreme statistics. For example, in mixing machines in the chemical industry, the shear
generated in intense layers can be useful for breaking up droplets, whereas in clouds,
droplets coalesce and break up in internal structures. Nonpremixed combustion usually
takes place at external interfaces, whereas premixed combustion relies on internal mixing,
which can be promoted or destroyed at the dominant internal layers. Future issues should
include modeling the dispersion, mixing, and chemical reactions of emissions. The sen-
sitivity of the structure, the dynamics, and the motions in both kinds of interfacial layers
needs better understanding in order to predict the influences of external perturbations
and internal forcing.

2. The interfaces that straddle T/NT regions appear to have similar properties to the very
thin layers that exist within high–Reynolds number turbulent flows. These thin ribbon-
like features are characterized by large velocity gradients and contain microscale vortex
structures (Worth & Nickels 2011, Ishihara et al. 2009). The connection between these
interfaces needs to be improved.

3. Improving the prediction of the relevant properties of the very thin interfacial layers,
whose thickness is less than the grid size, and their interaction with the surrounding flow
requires new computational algorithms. Some novel techniques are being proposed based
on modeling the characteristic peak vorticity, sharp interfaces, and intense small-scale
energy in the layers (Steinhoff & Underhill 1994, Mahalov et al. 2007, Hunt et al. 2013).
New models of the external interfacial layers would lead to improvements in statistical
turbulence models for flows in which these layers are significant.
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4. Most physical processes involve the transport of scalars whose diffusivity is two to three
orders of magnitude smaller than the kinematic viscosity of the ambient fluid. The ca-
pabilities of current DNS do not cover this regime, but nevertheless it is of significant
practical importance. The scalings introduced in Section 3 suggest a weak dependence
on diffusivity, but given the rather limited range achievable within the laboratory and
industrial case studies, its influence needs to be examined in greater detail.
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