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ABSTRACT

In this paper we examine the local entrainment veloc-
ity (v,) along the turbulent/non-turbulent interface (TNTI)
to determine how v, is influenced by the local geometry
of the TNTI. Time-resolved, simultaneous particle image
velocimetry (PIV) and planar laser-induced fluorescence
(PLIF) measurements were taken in the far-field of an ax-
isymmetric jet at Re = 25300. We use isocontours of scalar
concentration (Sc > 1) to identify the TNTI and implement
an interface-tracking technique to determine the local en-
trainment velocity along the TNTI. The TNTI geometry
is characterised using (i) the interface radial position, (ii)
the local interface curvature and (iii) the orientation of the
TNTI surface. We evaluate the conditional v, characteris-
tics as a function of these three features. There is greater
local entrainment when the TNTI is near to the centreline
of the jet and in regions of convex curvature. We also con-
sider the interface-normal fluid velocity about the TNTI to
understand how the surrounding flow-field shapes these ge-
ometric features and influences the local entrainment. There
is greater inflow of non-turbulent fluid towards the TNTI
when the interface is nearer to the jet centreline and along
convex curvatures, which hints at the presence of a turbu-
lent structure that is common to positive local entrainment
events along the TNTL

INTRODUCTION

Local entrainment in turbulent flows is defined as the
transport of unmixed or irrotational fluid across the bound-
ary between the turbulent and non-turbulent fluid: the
turbulent/non-turbulent interface (TNTI). Positive entrain-
ment means that irrotational fluid adjacent to the TNTI ac-
quires vorticity, which gives rise to a mass flux of fluid
into the turbulent region of the flow. In a similar manner,
detrainment refers to the mass flux of fluid from the tur-
bulent region into the non-turbulent region. The process
of entrainment is prevalent in a range of scientific and en-
gineering flow scenarios, such as the smoke emitted from
a smokestack. In this example the local entrainment rate
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along the TNTI will determine the local concentration of the
pollutants in the surroundings. It is therefore of interest to
understand the mechanisms that influence the entrainment
rates along the TNTIL.

Three-dimensional particle tracking measurements and
DNS simulations on round and planar jets have shown that
the entrainment velocity exhibits some dependency on the
local TNTI geometry. For example, the local entrainment
velocity exhibits some coupling to the local surface curva-
ture Holzner & Liithi (2011). Generally, the local entrain-
ment velocity v, is more negative (positive entrainment)
along points where the TNTI curvature is convex, and v,
is more positive (detrainment) along points where the cur-
vature is concave (Wolf et al., 2012). There is also some
dependence of v, on the surface orientation of the TNTI
(Watanabe et al., 2014). However, it is not fully understood
why these geometric features are coupled to local entrain-
ment or if there are underlying turbulent structures that are
common between these features. In this paper we inves-
tigate the dependence of the local entrainment rate on the
radial distance from the jet centreline to the TNTI, the local
surface curvature and the orientation of the TNTIL. We then
proceed to examine the flow-patterns about the TNTI that
correspond to these geometric features, with the aim to link
a common description of the flow kinematics with the local
entrainment.

EXPERIMENTAL SETUP

The results presented in this paper are evaluated using
simultaneous, time-resolved PIV/PLIF measurements of an
axisymmetric jet in water. These measurements were per-
formed in the streamwise-radial plane of the jet centred at
x/d = 50, where d = 10 mm is the diameter of the noz-
zle. The Reynolds number of the jet at the nozzle-exit is
Re = 25300, where Re = U,d/v, U, = 2.53 ms~! is the
nozzle exit velocity and v =1 x 107% m?s~! is the kine-
matic viscosity. Additional details regarding the experimen-
tal set-up may be found in Mistry et al. (2016). A total
of 32000 temporally-resolved vector fields were acquired,



but the analysis presented in this paper is calculated us-
ing 1080 instantaneous planar fields equally-spaced in time.
The particle images were processed using DaVis 8.2 (LaVi-
sion GmbH) using 24 pixel interrogation windows and 75%
window-overlap. The resultant PIV vector spacing is 101,
where 7 is the Kolmogorov length-scale. The streamwise,
radial, and spanwise coordinates are denoted by x, r, and z,
with component velocities denoted by u, v, and w.
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Figure 1. Example of the simultaneous velocity and scalar
data. The scalar concentration field is shown in logarithmic
scaling in the background, with the TNTI denoted by the
black line. The instantaneous velocity vectors from the PIV
camera are superimposed onto the figure in grey. Along the
TNTI we plot the local entrainment velocity, V, in purple.
The length of the purple V vectors and the grey velocity
vectors are scaled differently.

TNTI identification

We use isocontours of the scalar concentration field,
¢, as a surrogate for the TNTIL. Passive scalars have been
used previously in planar PIV/PLIF experiments on a jet by
Westerweel et al. (2009) and has been shown by Gampert
etal. (2014) (for Sc = 1) to agree very well with the 3D vor-
ticity field in a DNS of a temporal mixing layer. Even with
increasing Schmidt number (up to Sc = 8), Watanabe ef al.
(2015) report that the scalar boundary of a turbulent mixing
layer still falls within the finite region of the TNTI. Thus, we
are confident that Sc > 1 scalar isosurfaces coincide with
the (vorticity) TNTI at the spatial resolution of our measure-
ment. We implement an empirical process similar to that
described by Prasad & Sreenivasan (1989) to identify the
scalar concentration threshold value that best represents the
TNTL. This scalar threshold is determined to be ¢ /¢, =0.18
(Mistry et al., 2016), where ¢, is the local mean centreline
scalar concentration, which is applied to each centreline-
normalised, instantaneous scalar concentration field. The
TNTI is extracted by applying the contour function in
Matlab (MathWorks) and selecting the longest continuous
isocontour. As shown by Mistry et al. (2016), there is a
jump in the spanwise vorticity magnitude profile, {|@;|),
across the TNTIL. This represents the transition of vorticity
between the turbulent and non-turbulent levels. This indi-
cates that the scalar isocontours defined by ¢ /¢, = 0.18 do

indeed isolate the turbulent and non-turbulent regions of this
jet flow. In this paper we ignore instances of “holes” in the
turbulent region and “islands” in the non-turbulent region
that arise from the planar slice through the 3D scalar con-
centration field. These features are neglected in the analysis
presented here because the total area of these features is less
than 1% of the total area of the measured turbulent region.

Measuring the local entrainment velocity

In this paper we use an interface-tracking technique to
measure the entrainment or detrainment of the turbulent re-
gion along the TNTIL This is achieved by subtracting the
contribution of the local fluid velocity (advection) from the
overall motion of the TNTI; the remaining motion of the
TNTI is attributed to the local entrainment. The high-speed
PLIF measurements allows us to track the overall motion of
the TNTI in time and the simultaneous high-speed PIV mea-
surements allows us to interpolate the local fluid velocity
(advection) along the TNTI at the same time. This process
is similar to the “graphical” approach of Wolf et al. (2012)
who measured the entrainment velocity using 3D particle
tracking data in a turbulent jet.
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Figure 2. Schematics illustrating the measurement of the
local entrainment velocity along the TNTI (see text for de-
scription).

Figure 2(a) illustrates the TNTI at an arbitrary time, 7.
At a later time #y + dt (panel b) the TNTI has moved be-
cause of the sum of the local flow advection and the local
entrainment, u; = u; + V. Because we have simultaneously
measured the velocity field, we are able to subtract the ef-
fects of local advection (uy) by displacing the interface at



to + dt by distance —uydt, where uy is the local fluid veloc-
ity interpolated along the interface using a bilinear interpo-
lation scheme. The local entrainment velocity, V = v,n, is
finally measured by considering the local normal distance
(dfn) from the interface at fy to the advection-subtracted
interface, v, = d¢/dt (see panel ¢). The interface normals
along the TNTI are pointing into the turbulent region, and
therefore positive entrainment (i.e. a growing turbulent re-
gion) corresponds to a negative entrainment velocity, v,,.

To check the validity of the entrainment velocity mea-
surement we compare the total mass-flux of the jet mea-
sured using a local and a global approach. From a local
perspective, the mass-flux rate along the TNTI may be de-
fined by the integral of the local entrainment velocity along
the length of the TNTIL:
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Here a negative sign is added to the local entrainment ve-
locity v, because negative v, corresponds with positive en-
trainment (i.e. spreading turbulent region). The overline
denotes an ensemble average over the 1080 realisations of
the flow, which gives the local mass-flux rate. We may sim-
ilarly define the global mass-flux rate,

dq) glob d
E = a /Erdr ) (2)

which considers the time-averaged axial velocity field u that
is integrated up to the upper and lower extents of the field-
of-view of the PIV. We determine that the local mass-flux
rate (1) is % % =8.88 x 1074 m2s~! and the global mass-

flux rate (2) is 92" = 820 x 1074 m2%s~!. The ex-
cellent agreement (approximately 8% difference) between
these mass-flux rates gives us confidence that the interface-
tracking method described here accurately captures the lo-
cal entrainment along the TNTIL. The PDF of the entrain-
ment velocity is presented in figure 3, which shows that the
entrainment velocity is intermittent because of the wide tails
and exhibits preference for positive entrainment (negative
vy) and therefore a growing turbulent region.
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Figure 3. PDF of the entrainment velocity v, measured
along the TNTI for all 1080 realisations. A Gaussian profile
fitted to the PDF is shown by the red line.

CHARACTERISTICS OF THE TNTI

In this section we characterise the geometry of the
TNTL. In particular, we focus on the the radial distance of
the TNTI to the jet centreline, 77, the interface curvature,
Kk, and the orientation of the TNTI, 6; illustrations of these
variables are presented in figure 4. The radial position of the
interface, ry, is the distance along the radial axis from the jet
centreline to the local position of the TNTI (figure 4d). The
interface curvature, k, represents the rate of change of the
interface direction (in two dimensions) and is evaluated us-
ing the following parametric expression:

ds ds? ds ds? ) (3)

Figure 4(e) illustrates the definition of convex (x > 0) and
concave (kK < 0) curvatures of the TNTI. The orientation of
the TNTI, 6, is measured as the angle between the stream-
wise axis, x, and the local interface-normal unit vector, n.
The angular range 90° < 6 < 180° represents the ‘lead-
ing edge’ of the interface, and 0° < 6 < 90° represents the
‘trailing edge’. Examples of the TNTI leading edge (L.E.)
and trailing edge (T.E.) are highlighted in figure 4(f).

Figure 5 illustrates the PDFs of the three TNTI char-
acteristics that we examine in this paper. The distribution
of the TNTI radial position (77, panel a) agrees well with
the fitted Gaussian line shown in red. This Gaussian be-
haviour is also observed for the TNTI in a range of free-
shear flows (Westerweel et al., 2009; Chauhan et al., 2014,
Watanabe et al., 2014; Borrell & Jiménez, 2016). The two-
dimensional curvature of the interface exhibits very wide
tails (panel b), which is indicative of very sharp contortions.
A very large and contorted surface area is necessary to bal-
ance the slow rate of diffusion across the interface (de Silva
et al., 2013). The PDF of the interface orientation (8, panel
¢) demonstrates that the TNTI is not preferentially aligned
to the jet axis. Note that in this plot an interface that is par-
allel to the jet centreline occurs at 6 = 90°.

INFLUENCES ON LOCAL ENTRAINMENT

Given the TNTI geometric features identified in the
previous section, we now evaluate the dependence of the lo-
cal entrainment velocity on these geometric features. This
is achieved by calculating the joint-probability density func-
tion (J-PDF) between the local entrainment velocity v, and
one of the geometric features of the TNTI that was as shown
in figure 4(d-f). The J-PDFs are presented in figure 6, which
shows the joint distributions of v, and (a) radial distance to
the TNTI r;, (b) curvature x and (c) interface orientation
6. Given some value of the independent variables (i.e. ge-
ometric feature), we also evaluate the conditional mean en-
trainment velocity v, | ¢, where f represents r;, K or 0; this
is illustrated by the solid red lines in figure 6.

Figure 6(a) demonstrates that there is preference for
greater entrainment (negative v,) when the TNTI is nearer
to the jet centreline (smaller r;). This behaviour is illus-
trated by the conditional mean entrainment velocity v;|,
shown by the red line. When the TNTI is far from the cen-
treline (r7/b,, 1 /2 > 2.5) we observe a positive V|, which
indicates that the jet is on average detraining turbulent fluid.
Thus, the local entrainment shows some coupling to the
large-scale turbulence of the jet because it is the large-scale
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Figure 4. Definitions of variables pertaining to the TNTL
(a) Interface-normal unit vector n. (b) Local entrainment
velocity V where positive entrainment is denoted by green
vectors and detrainment is denoted by red vectors. (c) Local
fluid velocity u; and interface-normal velocity u,. (d) Ra-
dial distance to TNTI from jet centreline ;. (e) Local sur-
face curvature k. (f) Interface orientation 6; T.E. denotes
the trailing edge and L.E. denotes the leading edge.

velocity fluctuations that transport the TNTI across radial
positions that span several jet half-widths, b, | ;. Whereas
the radial position of the TNTI results from large-scale
flow features, the surface curvature of the TNTI tends to
be formed by smaller scale structures that give rise to very
sharp contortions (see figure 5b). The J-PDF of v, and the
local surface curvature is illustrated in figure 6(b). In agree-
ment with the results of Wolf et al. (2013), there is greater
entrainment when the curvature is positive (convex, see fig-
ure 4¢) and greater detrainment when the curvature is neg-
ative (concave). The largest magnitudes of the entrainment
velocity occur when the surface curvature is flat (x ~ 0).
However, when the interface is flat the distribution of v, is
nearly symmetric about v, = 0 to give a conditional mean
entrainment velocity that is negative (entraining) but small.
This means there is only a weak preference for entrainment
along flat regions of the TNTI.

As a function of interface orientation, figure 6(c) shows
that there is preference for entrainment (v, < 0) for 6 > 0°.
More specifically, there is greater entrainment along the
leading edges of the TNTI (6 > 90°), in agreement with
the trends reported by Watanabe et al. (2014) for DNS of
a planar jet. The local entrainment behaviour is not sig-
nificantly influenced by the interface orientation for 6 < 0
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Figure 5. PDF of (a) the radial distance from the jet cen-
treline to the TNTI 77, (b) the local surface curvature defined
by (3) k and (c) the orientation of the TNTI. Gaussian pro-
files fitted to the distributions are denoted by the red lines.

because the v, distributions are symmetric in this region to
give ;g ~ 0. In figure 6(c) we also present the condi-
tional mean entrainment velocities that have also been con-
ditioned on positive (convex) and negative (concave) cur-
vatures. These profiles W\e\x are illustrated as the purple
dashed line for positive (convex) curvatures and the blue
dash-dotted line for negative (concave) curvatures. The
local entrainment along convex curvatures is not strongly
dependent on the surface orientation because the condi-
tional mean v, remains relatively constant in the region
0 > 0. Along concave curvatures, there is greater entrain-
ment along the leading edges of the TNTI 6 > 90°, oth-
erwise the conditional mean v, is approximately zero or
greater than zero (detraining) for all other angles.

FLOW-FIELD ABOUT THE TNTI

It is interesting to consider how the local flow field
about the TNTI gives rise to the geometric features that are
discussed above. This, in turn, will help establish a descrip-
tion of the kinematics of the flow that influences the local
entrainment rates. We first evaluate the alignment between
the local fluid velocity along the TNTI and the interface it-
self, as illustrated in figure 7(a). Here, the fluid velocity in
a laboratory reference frame is represented by the grey vec-
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Figure 6. Joint-probability distribution functions of the
entrainment velocity v, as a function of (@) radial position
r7, (b) surface curvature x and (c) interface orientation 6.
The conditional mean entrainment velocity for a given value
of the independent variable, 7, f»1s denoted by the red lines.

tors and the TNTI is denoted by the black line. We use a
bi-linear interpolation scheme to interpolate the fluid veloc-
ity at each point along the TNTIL u;; an example of this is
denoted by the blue vector in figure 7(a). We then evalu-
ate the alignment between u; and the local interface normal
unit vector, n, which is denoted by cos(y). A cosine value
of 1 indicates that the local fluid velocity is aligned with
the interface-normal and is advecting the TNTI towards the
turbulent region. A cosine value of -1 indicates that the lo-
cal fluid velocity is anti-aligned with the interface-normal
and is advecting the TNTI away from the turbulent region.
A cosine value of 0 indicates that the local fluid velocity is
moving tangentially along the TNTIL. The PDF of cos(y)
is presented in figure 7(b), which demonstrates that there
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Figure 7. (a) Schematic illustrating cos(y), the alignment
between the local fluid velocity u; and the interface-normal
unit vector n. (b) PDF of cos(y).

is strong preference for u; to be aligned (cos(y) = 1) and
anti-aligned (cos(y) = —1) with the interface-normal n.

Given the prevalence of fluid motion aligned normal
to the TNTI, we now evaluate the characteristics of the
interface-normal velocity, u, = u-n, in the region about the
TNTIL. This is achieved by conditionally-averaging the flow
field along a coordinate that is locally-normal to the TNTI,
which we denote as x;,. The origin of this coordinate is at the
TNTI itself and the coordinate is positive towards the tur-
bulent region. At each point along the coordinate we calcu-
late the interface-normal velocity, which is then ensemble-
averaged with data measured at the same distance from the
TNTI for all realisations of the flow; these averaged quan-
tities are denoted by (~). The black line in figure 8 repre-
sents the profile of the interface-normal velocity (u,) about
the TNTL In the non-turbulent region (x, < 0) the fluid is
on average moving towards the TNTI (u,, > 0). In the tur-
bulent region the fluid is on average moving towards the
TNTI (&, < 0), creating a counterflow profile about the in-
terface. To gauge how the flow-field shapes the TNTI, we
decompose (u,) by further conditioning the profile based
on the radial position r; (a) and curvature x (b). Each u,
profile conditioned on r; and x consist of an equal number
of points (1/3 of total) along the TNTI (see inset plots in
figure 8). We then ensemble average the profiles of (u,) for
each of the conditions for r; and x, which are colour-coded
to match inset PDFs.

Figure 8(a) illustrates that there is a stronger inflow of
non-turbulent fluid when the TNTTI is closer to the jet cen-
treline (see green line). In contrast, when the TNTI is in the
outer region of the jet (i.e. far from the jet centreline, red)
there is a much weaker inflow of non-turbulent fluid. Sim-
ilar behaviour of the interface-normal velocity is illustrated
for convex curvatures in figure 8(b), as shown by the green
line. Here, there is greater inflow of non-turbulent fluid to-
wards the turbulent jet along convex curvatures compared
to concave curvatures. Thus, the geometric features that are
coupled with entrainment (small r; and convex curvature)
are also linked to greater inflow of non-turbulent fluid. This
behaviour also gives some indication that there are stronger
pressure gradient forces present inside the turbulent region
to induce greater inflow of non-turbulent fluid when the
TNTI is near to the jet centreline and along convex curva-
tures. This inflow may be generated via the Biot-Savart law
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Figure 8. (a) Conditionally-averaged profile of the
interface-normal velocity (u,) along x, with further con-
ditioning based on the radial position of the TNTL (b)
Conditionally-averaged profile of the interface-normal ve-
locity (u,) along x, with further conditioning based on the
curvature of the TNTL The inset plots illustrate the PDFs of
(a) radial position and (b) curvature with the filled colours
denoting the bins used for the conditional profiles.

by the large vortical structures that are characteristic of the
TNTI in mean-shear flows da Silva et al. (2011), and these
structures may play an important role in the local entrain-
ment process.

SUMMARY AND CONCLUSIONS

In this paper we characterise the relationship between
the local entrainment along the TNTI and geometric fea-
tures of the interface in a turbulent jet. This is achieved
by taking simultaneous, high-speed PIV and PLIF measure-
ments in the far-field of a jet and implementing an interface-
tracking technique. The geometric features we consider are
the radial distance of the TNTI to the jet centreline, the
surface curvature and the interface orientation. The distri-
bution of the TNTI radial position indicates that there are
large-scale velocity fluctuations of the jet that transport the
TNTI over distances on the order of the jet half-width. This
is contrasted by the distribution of surface curvatures, which
indicate that the TNTI is also characterised by very small
contortions. The entrainment velocity exhibits some depen-
dence on the radial position and curvature on the TNTI, but
is less dependent on orientation. Generally, there is greater
entrainment when the TNTI is nearer to the jet centreline
and along convex curvatures. We show that the local fluid
advection velocity along the TNTI is preferentially aligned

and anti-aligned with the TNTI (i.e. normal to the inter-
face). When the interface is near to the jet centreline and
along convex curvatures there is greater inflow of fluid from
the non-turbulent region to the turbulent region. This al-
ludes to the presence of large vortical structures that gener-
ate greater inflow and influence the local entrainment rate
along the TNTIL.
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