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Turbulent jet in HIT ambient

The dynamics of an axisymmetric turbulent jet in ambient turbulence
interpreted from the passive scalar field statistics

Rana Sahebjam,! Khashayar F. Kohan,! and Susan Gaskin®'®

Department of Civil Engineering, McGill University, Montréal, Québec, H3A 0C3, Canada
(Dated: 21 December 2021)

The effect of approximately homogeneous isotropic turbulence on the dynamics of an axisymmetric turbulent jet (Re
= 10600 and 5800) in an ambient with a negligible mean flow is interpreted from the statistics of the passive scalar
field. The ambient turbulence is generated by a random jet array and scalar concentrations are measured in orthogonal
cross-sections of the jet using planar laser-induced fluorescence. Statistics of the scalar field of the jet in a turbulent
ambient are compared to those in a quiescent ambient, using classical Eulerian averages and those conditioned on the jet
centroid. A two-region model for the jet structure in ambient turbulence is proposed based on the centroidal statistics.
Following the developing region of the jet, the ambient turbulence disrupts the jet structure, due to modulation of the
jet interface, meandering of the jet by the large eddies and entrainment of the turbulent ambient fluid, resulting in a
faster concentration decay and reduced entrainment compared to the quiescent ambient. Further downstream, once
the ambient turbulence has destroyed the jet, only molecular and turbulent diffusion modify the scalar concentrations.
The regions’ relative lengths depend primarily on the relative turbulence intensity (£) between the ambient and the
jet, as assessed using the centroidal analysis, which removes the effect of the relative length scale (£) on the jet
behavior in the turbulent ambient. The centroidal scalar statistics reveal self-similarity and self-preservation in the
mean scalar properties before jet break-up, which occurs abruptly once & > 0.5. The smaller scales of the ambient
turbulence modulate the jet boundary and, when entrained lead to a wider range of centerline concentrations and, also
rms concentrations, which are hypothesized to increase local concentration gradients within the jet and reduce the jet

mixing.
I.  INTRODUCTION Y

Scalar mixing in turbulent shear flows (jets, plumes, wakes *
and boundary layers) is of interest in industrial and environ- *
mental contexts and has been studied extensively in a quies-
cent ambient. A jet in a quiescent ambient, after a zone of flow 3
establishment, is self-similar and its mean momentum drives 3+
entrainment into the jet with a global entrainment velocity, E,, 35
that is proportional to a characteristic jet velocity! with a con-
stant of proportionality, ¢, of 0(0.1) (e.g. see van Reeuwijk »
and Craskez). Entrainment, the transport of ambient fluid into 3
the turbulent shear flow, occurs by engulfment, a large-scale
inviscid process>* and by nibbling at the jet/ambient inter- «
face, a small-scale viscous diffusion process.>® The entrain- «
ment of ambient fluid results in the outward propagation of the «
interface between the jet and the ambient fluid at a boundary «
velocity, Ej,.” “

It has long been assumed (and is still often maintained) that s
release of a jet into a turbulent ambient flow will increase its
rate of dilution through superposition of jet-driven entrain- +
ment and turbulent diffusion. This was an expedient approach 4
simplifying modelling in practical applications to predict, for »
example, air/fuel ratios for combustion or dilution for pollu-
tant dispersion. Despite challenges in producing ambient tur- 5
bulence for a laboratory study, Gaskin er al.® demonstrated s,
experimentally that turbulence in the ambient flow serves to 5
disrupt the jet flow resulting in reduced dilution. This was s,
the first experimental evidence in support of Hunt’s? argument s
of 1994, that any forcing, such as turbulence in the ambient,
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tending to break up a jet or plume would reduce entrainment.
The reduced entrainment shown experimentally for a shallow
jet in a co-flow® was confirmed for an axisymmetric jet'%!!
and a buoyant jet.!?

Break-up of the jet, defined as the condition at which
momentum-driven entrainment of the jet stops, is hypoth-
esized to occur once the jet or plume turbulence has de-
creased to that of the ambient,” which has been observed
in jets and plumes.!®!> In experiments, in which a jet is-
sues towards an oscillating grid generated turbulence field,
break-up is very rapid due to a simultaneous decrease in jet
turbulence as ambient turbulence increases.'>~'> In jets and
plumes, the turbulence in the ambient increases the rate of
decay of the mean centerline velocity and passive scalar con-
centration, and increases the root mean square (rms) of the
velocity and the concentration. The rate of width growth is
increased (but less than the increase in the rate of decay of the
mean centerline properties)®!*-1216 while the mass flow rate
decreases.!! Similarly, the velocity deficit in a wake decays
more quickly'”!® and its width growth increases once the in-
tegral scale of the ambient turbulence is larger than the width
of the wake. !

The effect of the relative turbulence intensity and the rel-
ative length scale between the ambient and the flow was ini-
tially observed for boundary layers.?’ In wakes, the ambient
turbulence intensity is the dominant factor.2!-?2 There is hy-
pothesized to be little effect of the ambient turbulence on the
jet or plume flow close to the exit, where it is less intense
than the jet turbulence. However, its increasing impact with
downstream distance due to an increasing relative turbulence
intensity will result, at some point, in the break-up of the jet
and destruction of its structure.” After the jet structure is de-
stroyed, a passive scalar will then only disperse due to detrain-
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Turbulent jet in HIT ambient

ment by turbulent and molecular diffusion.®1%!! It should bes
noted that a maintained jet structure refers to the preservationiz
of the jet mean momentum, and, therefore, its large-scale vor-ix
ticity structures. These large structures, in turn, induce thei
global entrainment velocity, E,.>} i

A jet, whose integral scale (i.e. width) is less than the!
largest length scale of the ambient turbulence, is advected by >
the large scales causing its path to meander, while the jet struc-12
ture/entrainment is affected by the smaller scales.”>* Studies’
of jets and plumes in ambient turbulence, using Eulerian av-12
eraging (all to date), include both the effect of the large scales
advecting the jet and the effect of the small scales of the am-
bient turbulence. An increase in jet spreading observed in
Eulerian averages of strong jets in a coflow with low levels]29
of ambient turbulence has been interpreted as increased en-
trainment citing superposition of jet-driven entrainment and
ambient turbulent diffusion.?>2 Jet entrainment (or resultingix
dilution) is driven by the jet’s mean momentum,' whereas de-1:1
trainment by turbulent diffusion is driven by the scalar con-1:
centration gradient and facilitated by the ambient turbulence s
diffusivity. Experimental observations of jets in ambient tur-1s
bulence have not found self-similarity of first-order properties:ss
(Eulerian averages),'®!! although, in a strong jet in a coflow s
with very low relative turbulence intensity, self-similarity wasis
observed up to a relative length scale of the ambient to the jetiss
of one.?

In real flows, turbulence is generally inhomogeneous and
anisotropic. However, the study of shear flows in homoge-
neous isotropic turbulence (HIT) allows for analysis in a sim- _
plified laboratory context. That being said, despite being a
simple concept, HIT is challenging to realize in a laboratory
due to the necessity of a mean velocity gradient for initial pro-1
duction of turbulent kinetic energy (TKE).!! Researchers have
used different methods to create the closest approximations:
to HIT, such as oscillating grids,?’ active/passive grids,?®?%1s
and loudspeakers.’® However, grid-generated turbulence suf-1s
fers from large mean flows, and the loud speakers systems canss
maintain the HIT in only a very small region. Introduction of14
the random jet array (RJA) enhanced the quality of the turbu-14
lence, minimizing the mean flow and increasing the extent of14
the HIT region.’!33 149

In the current study, the effect of the different intensi-'*
ties of HIT on the evolution and structure of an axisym-"'
metric turbulent jet is investigated through the study of the
passive scalar field, building on the work of Khorsandi er'
al.'% and Pérez-Alvarado'! (same turbulence properties ands:
jet Reynolds numbers). Scalar statistics of the flow are an-iss
alyzed using (i) a classical Eulerian average, which is a sta-is
tionary spatial average, and (ii) an average conditioned on the:s;
centroid of the instantaneous jet cross-section, hereafter re-iss
ferred to as Eulerian average and centroidal average, respec-is
tively. While the Eulerian average provides information on the e
spatial dispersion of the scalar concentration relative to the jetis
axis, the centroidal statistics provide information on the jetie
dynamics by separating the effect of the larger scales, whichie
advect the jet causing its path to meander, from the smallerie
scales, which disrupt the jet entrainment and mixing (detailsiss
in Sec. III). 166
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The experimental set-up of a jet issuing into a HIT with
negligible mean flow generated with an RJA is described in
Sec. II. The passive scalar field of the jet is experimentally
measured using the planar laser induced fluorescence (PLIF)
method, as detailed in Sec. II and analyzed using centroidal
averages and Eulerian averages, Sec. III. In Sec. IV, the
measurement technique is validated. Section V presents the
results, and a discussion of the effect of the HIT ambient on
the jet dynamics as compared to the jet in a quiescent ambient
is provided. Section VI summarizes the conclusions.

Il.  EXPERIMENTAL METHODS

A turbulent axisymmetric jet was released into a quiescent
and a HIT ambient with negligible mean flow. The PLIF
method was used to observe the evolution of the passive scalar
field in cross-sections of the jet. A detailed description of the
experimental facility, the implementation of the PLIF method,
and the data acquisition follows. Figure 1 is a schematic view
of the experimental apparatus, and examples of instantaneous
jet cross-sections in the quiescent and the HIT ambient are
shown.

A. Experimental facility

The experiments were carried outina 1.5 m x 24 m x 1
m subsection of a large glass water tank (1.5 m x 6 m x 1
m) open at the top (i.e. the free surface is at ambient pres-
sure). The water in the tank was either quiescent, after being
left to settle for sufficient time after slow filling, or turbulent
(HIT). An approximately homogeneous and isotropic turbu-
lence with negligible mean flow was generated in the tank by
arandom jet array (RJA),3132 but at a larger scale.’* The RJA
is an array of 6 rows and 10 columns of bilge pumps (Rule
25D, 500 GPH) mounted on a 1 m x 1.5 m vertical sheet of
high-density polyethylene. The uniform spacing of the pumps
in the horizontal and vertical directions (M = 15 cm, center to
center distance), and a reflective boundary condition reduces
the occurrence of secondary flows.3>3

The turbulence was generated by the RJA using an al-
gorithm to individually turn the jets on and off for periods
of time randomly selected from a normal distribution with
a (Hon, Oon) = (12,4) s and (Uosr,O,ff) = (108,36) 3234
Thus, 10 % of the pumps operate on average at any given
time. Downstream of the RJA, the jets merge and create an
approximately HIT ambient. As the intake and discharge of
each pump occur simultaneously into the same control vol-
ume, there is zero net mass flow rate through each pump,
resulting in an overall zero-mean flow in the tank. The ran-
dom algorithm for the RJA generated a flow that most closely
approximated a zero-mean flow HIT as compared to several
alternative algorithms.!0-3*
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(a)
()]

FIG. 1. (a) Schematic of the PLIF apparatus, and examples of in-
stantaneous jet cross-section in (b) the quiescent, and (c) the turbu-
lent ambient. The jet/ambient interface is shown with white contours
using a threshold value of ¢, = 0.15¢,, where @, is the the mean cen-201
terline concentration in the quiescent ambient, and the centroidallya
averaged concentration in HIT ambient, respectively (Section III).,,
Red cross denotes the jet axis. 04
205
206
B. Jet apparatus o
208
A round turbulent jet with Re = 10600 and 5800 issued into,,
the water tank parallel to the RJA sheet, such that the turbu-,,,
lence level was constant along the jet centerline in the down-,,,
stream direction. The jet issued from a copper tube with 8.51,,,
mm inner diameter (d), which extended vertically for 1.2 m
and, after a 90° bend, extended horizontally for 0.2 m (~ 24d)
achieving a fully developed flow at the exit. A constant-head
reservoir, located 3 m above the jet, fed the jet flow maintain-""
ing a constant flow rate, and thus a constant Reynolds number.
The jet was turned on and off with a solenoid valve, while a2+
ball valve was used to adjust the flow rate, measured using a2's
flow meter (Omega FL50002A). The jet measurements were2's
made at orthogonal cross-sections of the jet located at down-27
stream distances of x/d = 20, 30, 40, 50, and 60. The jet was2's
mounted on a traversing mechanism to precisely adjust its po-21
sition in the streamwise (x) and vertical (z) directions. The jet>0
discharged parallel to the RJA sheet at a transverse distance of2!
110 cm (i.e. y/M =7.3), where the turbulent kinetic energy?»
(TKE) of the ambient was kgjs = 4.4 cm?s~2.10 The experi-2»
mental parameters are provided in Table I. For more details2+
on the RJA setup and the jet apparatus, the reader is referred»s
to Khorsandi er al.,'® Perez-Alvarado,'! and Lavertu ef al.3¢ 2
At this point, it is worth mentioning the range of ratios, of27
the HIT to the jet, of the length scales (.£) and the turbulence>s
intensities (). The relative length scale is approximated by 22
230

231

& =Lrya/by 12, D

where Lgjy is the integral length scale of the HIT ambient atft
y/M =173 and by s, is the concentration half-width of thejet: i
in the quiescent background (Sec. IV). In the current study,;;

Lgja = 11 cm and is estimated using .

238

 URJA(X) U (X + rex 9
LRJA:/O RyA (X) tRya( »)dn @)

2
urms,RJA 241

where ugj4 is the axial velocity fluctuation of the RJA turbu->*
lence and re, denotes some displacement lag r in the direction®*
of the x-coordinate unit vector.'” The relative turbulence in->*

tensity is defined as 245
246

247

5 = urm.\'.RJA/urmsAjet; (3)ass

FIG. 2. Variation of the relative turbulence intensity and the relative
length scale at each downstream location of the two jets. Filled sym-
bols: Re = 10600, open symbols: Re = 5800. V, x/d = 20; o, x/d =
30, A, x/d =40; O, x/d = 50; >, x/d = 60.

where the velocity information is taken from the study of
Khorsandi et al.'® The two selected jet Reynolds numbers al-
lowed us to study the jet behavior above and below the tran-
sition Reynolds number, i.e., Re = 10*37 Also, it granted a
wide range of relative turbulence intensity (0.16 < & < 0.73)
and relative length scale (2.2 < .Z < 6.3) ratios between the
HIT ambient and the jet (Table I). Figure 2 depicts the vari-
ation of . versus & at each downstream location for the two
jets. The ratios of length scale and turbulence intensity be-
tween the HIT ambient and jet approach unity (.Z from larger
values and & from smaller values) as the jet develops down-
stream, increasingly disrupting the jet structure.’

C. PLIF apparatus

The PLIF method was employed to obtain the concentra-
tion field of a passive scalar in the jet in orthogonal cross-
sections. A small quantity of fluorescent dye (disodium flu-
orescein, Sc¢ = 2000) was mixed into the jet water supply. A
continuous mode 1 W argon-ion laser (Coherent, Innova 90)
was used to illuminate the flow cross-section with an excita-
tion wavelength of 514.5 nm. The laser beam was directed
into a laser scanning device consisting of (i) a 12.7 mm di-
electric mirror (Newport 5151), (ii) a focusing lens with a
1.5 m focal length plano-convex lens (PLCX-25.4-772.6-C),
and (iii) a high-speed rotating mirror (Lincoln Laser Company
DT-08-236-019). The 8-sided polygonal rotating mirror ro-
tated at 12000 rpm generating a laser sheet with 1600 scans
per second of the laser beam over the measurement area. The
use of a high speed rotating mirror to generate the light sheet
and low dye concentrations, minimized potential sources of
PLIF errors, such as photobleaching, thermal blooming and
attenuation, '3

Instantaneous fluorescence signals were recorded using a
12 bit CMOS camera (pco.dimax). The camera had a reso-
lution of 2016 x 2016 pixels, and the acquisition frequency
was set to 30 Hz. The incident light first reached a 50 mm
diameter 550 nm longpass color filter (ThorLabs FGL550) at-
tached to the camera lens (Pentax 50mm f/1.4) to filter any
scattered laser light, and therefore transmitting only the fluo-
rescence signal through the camera lens. An image intensifier
(Video Scope VS4-1845) was placed between the camera and
the camera lens to increase the light sensitivity of the system.
The coupling of the intensifier and the camera reduced the
size of the detection area to a central circle with 1601 pixel
diameter, covering a circular field of view (FOV) with a di-
ameter of about 64 cm. The rather large FOV was necessary
to capture the complete orthogonal spatial extent of the jet
subjected to the HIT ambient at large downstream distances.
The spatial resolution of the PLIF experiments was about 0.4
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TABLE 1. Experimental parameters. Note that Re = Upd /v, and Re; pjs = (\/ISOkRJA Lrsa/V) 2 Here P00 and Esgop denote the length
scale and turbulence intensity ratios of HIT to Re = 5800 jet at the five cross-sections, respectively. Similarly, #0600 and &;ge0o are defined

for Re = 10600 jet.

Jet Reynolds number

Schmidt number

Jet exit velocity

Jet exit inner diameter

Lateral jet position to RJA

Ambient TKE (at y/M =17.3)
Ambient length scale (at y/M =7.3)
Ambient turbulent Reynolds number
RJA operating algorithm

Axial position of cross-sections
Length scale ratio

Turbulence intensity ratio

PLIF spatial resolution

Re 5800, 10600

Sc 2000

Uo 0.682,1.245m s~}
d 8.51 mm

y/M (M =15 cm) 73

kR 4.4 cm?s2

LRJA 11 cm

Re), ria 168

(Mon, Oon)» (/Jaf_[s O_aff)
x/d

(12, 4)'s, (108, 36) s
20, 30, 40, 50, 60

Zss00 5.8,4.1,2.9,25,2.2
Z10600 6.3,4.5,3.1,2.5,22
&ss00 0.29, 0.39, 0.52, 0.58, 0.73
&10600 0.16,0.21,0.31, 0.34, 0.43

4.7m—1.4n,73n-2.2n

Field of view FOV
Sampling frequency -

64 cm x 64 cm
30 Hz

mm x 0.4 mm per pixel (Table I). This resolution corre-»
sponds to 1.41 —4.7n for Re = 5800 and 2.21 — 7.3n for Rexso

= 10600, where 11 = (v*/¥) !4 is the centerline Kolmogorov
length scale for the quiescent background case. It is worth*?
noting that the Batchelor microscale is the appropriate length?*
scale for resolving the scalar field at high-Sc flows, which**
was not attained in the present experimental setup. How-2¥
ever, resolution comparable to 1 has been shown to be suf-2s
ficient to capture the mean and rms concentration profiles.®®
The lowest resolution occurs at the closest downstream dis-2ss
tance (x/d = 20) since the turbulent length scales, includingzss
7, increase as the jet develops.** v and € denote the kine-xo
matic viscosity (10-°m?s~! for water) and mean centerlinezs:
dissipation rate, respectively. The latter is calculated usingz:

concentration levels (as is in the present PLIF experiments),
the intensity-concentration relationship is linear. Therefore, a
linear curve can be fitted such that ¢ = Al + B, where [ is the
light intensity value of the pixel, A and B are the calibration
coefficients extracted from the calibration test, and ¢ denotes
the concentration value. Details of the calibration and PLIF
tests can be found in Perez-Alvarado.!!

PLIF is prone to measurement errors, including attenua-
tion, photobleaching, trapping, thermal blooming and iner-
tial effects. Attenuation of the laser beam occurs when (a
part of) the laser energy is absorbed by the fluorescent dye
when the laser beam crosses through non-negligible volumes
of dyed fluid before it reaches the measurement location. Pho-
tobleaching is the reduction in fluorescence intensity due to

the empirical relation of Friehe, van Atta, and Gibson,*! 23 constant laser irradiation. Trapping occurs if the emitted fluo-
24 rescence light at the measurement section is absorbed by dye

U3 B 4 25 at some other location, e.g. at the space between the laser

€=4820 (x xo> ; (4)»s sheet and the camera. Thermal blooming describes the con-

d d 27 dition in which the laser beam diverges due to fluid density

where Uj and xp denote the nozzle exit velocity and the virtual*
origin (see Sec. IV), respectively. It should be noted that>*
the estimated values of € (and therefore 1) are only used to*®
calculate the PLIF pixel spacing at each measurement stationso
(Table I) 302

Although the laser power was constant during the exper-os
iments, the laser intensity, defined as the ratio of the lasersu
power to the cross-section of the laser sheet, decayed with thesos
laser sheet expansion (angle of expansion of 45°). Further-sos
more, the image intensifier caused higher light sensitivity inso
the central region of the image as compared to the edges. Thesos
images were, therefore, calibrated pixel by pixel to convertsw
the light intensity levels to dye concentration values. Oversio
a large range, the relationship between the dye concentrationsi
and the emitted light intensity is nonlinear;*? however, at lows:

variation because of heating of the dyed medium by the laser.
Variation in fluid temperature and/or density would also cause
buoyancy and inertial effects.

A series of tests were conducted by Lavertu’® and Perez-
Alvarado!! on a similar experimental apparatus (the latter
having the same PLIF setup) to evaluate and minimize the
above errors using technical and theoretical measures. Ac-
cording to Perez-Alvarado'!, the maximum attenuation of the
laser beam for a 10 cm spanwise shift of the dyed fluid (for
concentrations within the calibrated range) towards the beam
source was less than one percent. Estimating the attenua-
tion across the jet profile results in an error of less than 1%
(this is due to the very low concentrations of dye used in ex-
periments). Photobleaching and thermal blooming were re-
duced to negligible values by using a high-rev rotating mirror,
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at which the residence time of a single beam in the volumeses
covered by each camera pixel was approximately 2 us, whiless
200 ps was required for the fluorescence signal to reduce bysmw
2% due to constant irradiation of the dyed fluid.3® It shouldsn
be noted that Lavertu?® used punctual LIF, which is subjectsr
to much higher possibility of constant irradiation of the dyedss
fluid compared to the present PLIF measurements. Trappings
of the laser light was shown to be less than one percent for thess
calibrated range of the concentration values.!! Furthermore, s
the inertial effects were negligible during the experiments be-377
cause of the use of very low concentrations of disodium fluo-s
rescein (maximum 7.66 x 10~7 molL~1) having a molecularsz
mass of 376.3 gmol ~!, which introduces a density variation ofso
less than 2.8 x 1075 % between the jet fluid and the ambientss:
water. Therefore, common errors in the PLIF measurementsss:
are minimal in the present study. )

384

385
11l.  DATA PROCESSING 386

387

The passive scalar field of the two jets with Re = 10600 and™*
5800 issuing into the turbulent ambient are compared to those™
in a quiescent ambient. The PLIF images were obtained at
axial distances of x/d = 20, 30, 40, 50, and 60. In order to
achieve first- and second-order scalar concentration conver-,,,
gence at these axial positions in the quiescent ambient case, ,
data sets over a period of 27 s, 45 s, 63 s, 81 s, and 100 s,
resulting in a total of 789, 1315, 1841, 2367, and 2893 PLIF,,,
images were obtained, respectively. While in the HIT ambi-,,
ent case, five sets of PLIF experiments, each obtained for 170,
seconds containing 4997 images, were taken for each axial,,,
position. Custom MATLAB codes were employed to obtain,,
scalar concentration statistics of the jet cross-section in the,,
turbulent and the quiescent ambient cases. o0

Instantaneous images of the jet cross-section show greater,,
irregularity when the jet is released into a turbulent ambient.,,
The jet is also displaced laterally by the large eddies of the,,
ambient turbulence (see Fig. 1¢). The isocontours of the joint,,
probability density function (JPDF) of the position of the jet,;
centroid for the jet in the HIT ambient for Re = 10600 and,
5800 jets are presented in Fig. 3. The mean radius of the jet in,,,
the quiescent ambient is approximately r/x = \/y? + 22 /x =us
0.2 centered at zero (not shown for brevity). The jet centroidus
in the HIT ambient is displaced over an area greater than thati
occupied by the jet in the quiescent ambient. an

The standard deviation of the position of the jet centroidsi
in the quiescent and HIT ambient is depicted against the ax-ais
ial position in Fig. 4. In the quiescent ambient, the standardas
deviations range between 0.004 < ¢/x < 0.010 and 0.005 <u:s
6 /x < 0.011 for the Re = 10600 and Re = 5800 jets, respec-uis
tively, while in the turbulent ambient, the standard deviationsais
increase t0 0.11 < 0/x < 0.15 and 0.17 < 6/x < 0.22 for theus
Re = 10600 and Re = 5800 jets, respectively. Therefore, inaw
the quiescent ambient, the jet is almost always centered on theazo
jet axis, while in the turbulent ambient, the position of the jets
centroid varies significantly, which is more noticeable in the
low-Re jet (higher &). Large standard deviations of the posi-«s
tion of the jet centroid indicate a meandering path of the jet inas

390

the turbulent ambient (schematic view in Fig. 5), while the jet
path in the quiescent ambient is almost a straight line. The me-
andering path of the jet is due to lateral advection of the jet by
the large ambient eddies, and is more noticeable closer to the
jetexit, where . > 1. As the jet grows in the downstream di-
rection, the relative length scale between the ambient and the
jet decreases, and hence the large eddies of the HIT ambient
are less able to advect the jet. This is evident in the gener-
ally decreasing standard deviation of the jet centroid position
with the axial distance in Fig. 4. Particularly, beyond x/d = 40
for both jets where .Z = 3.0, the role of the large-scale am-
bient eddies on the jet motion is less dominant. However, at
x/d =20 of Re = 10600 jet, the standard deviation has a local
minimum due to the strong structure of the jet that resists the
external forcing advecting the jet path. Similar meandering
due to the turbulence in the ambient was observed in wakes.?
It should be noted that in the present study, the only appar-
ent role of the relative length scale (.£) on the jet behavior
in the HIT ambient is to cause the jet path to meander, which
is effectively removed in the centroidal analysis of the data.
Therefore, in the following sections only the effect of the tur-
bulence intensity ratio on the jet behavior in HIT ambient is
discussed.

The time averaged characteristics of the jet are obtained
from Eulerian averages and centroidal averages of the instan-
taneous images. The Eulerian average provides the ensemble
averaged concentration at a particular location (geometric po-
sition) relative to the jet axis, which includes the composite ef-
fects of the large- and small-scales of the ambient turbulence
on the jet at a particular location in space. The second ap-
proach, by being conditioned on the centroid of the jet cross-
section, excludes the effect of the larger scales translating the
jetlaterally, and includes primarily the influence of the smaller
scales of the ambient turbulence, which modify the internal jet
structure and dynamics.®** However, it should be noted that
at high levels of turbulence intensity, the effect of the large
scale eddies are not fully removed due to the meandering of
the jet resulting in a discontinuity in the jet structure. The
analyses are carried out on a profile equidistant from the RJA
plane, passing through the centerline or the centroid, which is
subjected to an approximately constant level of ambient turbu-
lence at any given downstream position. A similar approach
was previously adopted in axisymmetric*> and line** plumes
in order to eliminate the effect of large-scale meandering by
considering the flow characteristics in the plume coordinates,
i.e., following the instantaneous turbulent/non-turbulent inter-
face (TNTI) of the plume. It is worth noting that the centroidal
origin (r = 0) in the current study is positioned on the mass
center of the bulk of the flow within the FOV, whereas the
origin of the plume coordinates in the aforementioned studies
is the middle point of the left and right TNTI at each down-
stream distance. We note that although the FOV is fairly large,
the calculation of the centroid position is affected to a small
extent by the amount of dye going out of the FOV due to me-
andering of the jet path. A sensitivity analysis is carried out in
Appendix A to quantify the dependence of the mean centroid
location on scalar concentrations above a range of thresholds.
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FIG. 3. Isocontour of the JPDF of the jet centroid position in the HIT

()

ambient. The red cross shows the jet axis, while the red circle denotes

the mean position of the jet centroid in the turbulent ambient. For Re = 10600 jet at (a) x/d = 20, (b) 30, (c) 40, (d) 50, and (e) 60. Similarly,
for Re = 5800 jet at (f) to (j) for x/d = 20 to 60. Note that the RJA acts on the right side of the images. The colorbars are logarithmic.

457
FIG. 4. Standard deviation of the jet centroid with the axial distance,ss
in the quiescent and in the turbulent ambient. Symbols: o, Re =,
10600 quiescent; ® Re = 10600 HIT; v, Re = 5800 quiescent; V, Re,,
= 5800 HIT.
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463
FIG. 5. Schematic of the jet structure in the ambient turbulence,,q,
showing the jet axis (dotted line), and the jet centroid (dashed line).
Large scale eddies of the HIT ambient cause the jet to meander.

465
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IV. MEASUREMENT VALIDATION 169

470

Measurements of the scalar field of the jet in a quiescent*”
ambient show a self-similar behavior in the mean and rms con-+
centration profiles,*® similar to those in the velocity field (e.g.*?
see Hussein ef al.*%). The scalar concentration measurements+*
of the jet issued into a quiescent ambient of the current works
are validated by a comparison to those reported in the litera-+
ture using different experimental methods: Mie scattering,’
Rayleigh scattering,*® PLIF,**-2 and by direct numerical sim-
ulation (DNS) of a turbulent jet.>3

The downstream evolution of the mean centerline concen-
tration, @, normalized by the jet exit concentration, ¢, for,.
the jet in a quiescent ambient is shown in Fig. 6(a). Along the,,,
jet centerline, ¢, varies inversely with the downstream dis-,,
tance as ¢, = ko(*52)~!, where K is the decay constant,y,
and the position of the virtual origin, x, is 2.4d in the present,s,
work. The current work shows a power law decay of x ! as,g,
predicted theoretically and previously observed.*$4°334 The,,
decay constant, k, depends slightly on Reynolds number and,;
on the initial conditions,” and its value here (k = 5.4) lies g
within the reported range of 4.48 < k < 5.59 in Dowling and,s,
Dimotakis.** A comprehensive review of the asymptotic be-
havior of k is presented in Table 1 of Mi er al.>

The downstream evolution of the concentration half-width, s
bg.1/2, defined as the radial position at which the concen-
tration reduces to half of its centerline value, is shown inas.
Fig. 6(b). In a quiescent ambient in the self-similar regionuss
of the jet, by /> is a linear function of the downstream dis-s
tance, by 1/2(x) = S(x —xo), where S is the spreading ratews
of the scalar field in the jet. Experimental data show thatass
S is independent of Reynolds number, and varies betweenus
0.101 < § < 0.156.% In the present work, § is about 0.112. s

489

The radial profiles of the mean concentration normalized
by their respective centerline value are shown in Fig. 7(a).
The analytical solution for the mean concentration profile of
a round jet is given by ¢ /¢, = {1 +a(r/x)*} 2, where a is
a constant, @ = (v/2 — 1)/52.5* The analytical solution and
a Gaussian fit to the experimental data are also shown in
Fig. 7(a). The profiles at x/d = 20 and 40 show a good
agreement with the previous experimental results,*®>! a DNS
study,” and the Gaussian fit. The profiles at x/d = 30, 50, and
60 also show a good agreement and are not included here for
brevity. It is noted that the analytical solution overestimates
the concentration values near the edges of the jet>* as a con-
stant turbulent diffusivity is assumed across the flow, while it
is, in fact, lower near the edges due to external intermittency.

The radial profiles of rms concentration fluctuations nor-
malized by their respective centerline values at x/d = 20 and
40, are also shown in Fig. 7(b). The profiles are self-similar
and behave similarly to those reported in the literature.’43
The rms profiles at x/d = 30, 50, and 60 also show a good
agreement.

V. RESULTS AND DISCUSSION

The effect of the ambient turbulence on the jet character-
istics is determined by the relative magnitudes of the turbu-
lence intensity, £, and the integral length scales, ., between
the the HIT ambient and the jet.>° While in the present study
% >1and & < 1 at all measurement stations (see Table I),
they both approach unity at the furthest downstream locations
and become O(1). This is the condition at which the ambient
turbulence affects the jet structure and changes the entrain-
ment process and the subsequent scalar mixing. Note that it
is mainly the intense smaller eddies of the ambient that alter
the jet structure, while the larger eddies serve to advect the
jet, resulting in a meandering path.® Also, it should be noted
that once .Z and & become O'(1), the effect of & has a domi-
nant effect on the jet behavior, causing the jet to break up at a
critical axial distance. For example, Kankanwadi & Buxton®?
recently showed the predominance of £ as compared to .# in
the context of entrainment into a cylinder wake in a homoge-
neous turbulent ambient. Therefore, the following discussion
of the results covers only the effect of & on the jet behavior in
HIT ambient (note that the role of .Z is to cause the jet path
to meander, and its effect has been essentially removed in the
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FIG. 6. Downstream evolution of the () mean centerline concentration, and (b) concentration half-width of an axisymmetric jet at Re = 5800

issued into a quiescent ambient.

@)

FIG. 7. Radial profiles of (¢) mean concentration, and (b) rms concentration fluctuations of an axisymmetric jet at Re = 5800 issuing into a
quiescent ambient. The solid line and the dashed line in (a) show the Gaussian fit and the analytical solution of the round jet, respectively.

centroidal data analysis.) 543
The growth, structure and statistics of the passive scalarss
field of an axisymmetric turbulent jet issuing into a turbu-s:s
lent ambient are presented and compared to those of the jetsss
in a quiescent ambient. The TKE of the ambient turbulencess
is kgja = 4.44 cm?s~2, and the jet Reynolds numbers are Ress
= 10600 and 5800. Five orthogonal cross-sections in the self-s
similar zone of the jet in a quiescent ambient have been stud-sso
ied (x/d = [20, 30, 40, 50, 60]). Variation of & and £ forss
each downstream location of the two jets results in ten differ-ss
ent case studies, as depicted in Fig. 2. To present the results,ss:
first, the evolution and structure of the jet will be discussedss
in terms of the mean concentration, the concentration half-sss
width, and the rms concentration. Then, the self-similaritysss
of the scalar field will be studied. Finally, statistics of thesss
scalar mixing will be presented using the intermittency factor,sss
probability density functions (PDFs) and the cumulative dis-ss
tribution functions (CDFs) of the centerline concentration. Itseo
should be noted that the variation between the centroidal andsei
the Eulerian analyses in the quiescent ambient was negligiblese
for the mean profiles (less than 1%), and was less than 4% andse
7% for the PDFs and the rms profiles, respectively. Therefore,ses
in the following figures, only the centroidal analysis of the jetses
in a quiescent ambient is provided. 566
567

568

A. Evolution and structure of the jet 569

570

The turbulent jet issuing into HIT ambient is subject to an"
increasing impact from the intensity of the ambient turbulence®”
(i.e. increasing &) and a decreasing impact from the length®”
scale of the ambient turbulence (i.e. decreasing %) as its”™
own turbulence intensity decreases and length scale increases,’”
while those of the ambient turbulence are constant with down-""
stream distance. In ambient turbulence, jet entrainment is re-""
duced as the jet flow is progressively disrupted. Two regions™™
of behavior of the jet are identified, based on the jet statistics®
conditioned on the jet centroid, which allow the jet structure™
to be assessed. The regions reflect the increasing impact of™'
the ambient turbulence intensity and are characterized by 1) a*
perturbed jet structure, downstream of the developing jet re-**
gion, and, further downstream, 2) a destroyed jet structure.™
The relative lengths of these regions depends on the relative™
turbulence intensity between the ambient and the jet. In this™
study, region 1 is observed in the Re = 10600 jet, while re-**
gions 1 and 2 are observed in the Re = 5800 jet, for x/d = 20°*
to 60. ™

The downstream evolution of the mean jet centerline con-
centration (/@) of the jet issuing into a turbulent ambient
results in lower concentrations and a faster decay as compared
to the jet in a quiescent ambient. Hereafter, ¢, denotes the
mean concentration of the geometric centerline (i.e. jet axis)
in the Eulerian averaging method, while it represents the en-
semble average of the instantaneous centroid scalar concentra-
tion values in the centroidal averaging procedure. The concen-
tration decay initially follows a power-law for both the cen-
troidal and Eulerian averages of the jet in a turbulent ambient,
as shown in Fig. 8. The decay exponents are, ¢ /¢ o< x~ 1!
for both jets for the centroidal average and . /¢p > x~'*¢ and
x~2 for Re = 10600 and 5800 jets, respectively for the Eulerian
average. The uncertainty in the measurements is three orders
of magnitude smaller than the mean values due either to the
low variance (in quiescent ambient) or due to the high num-
ber of samples (in HIT ambient). The power-law region is the
perturbed jet region in the two-region jet model. The effect
of the ambient turbulence is greater at larger values of rela-
tive turbulence intensity (£), which is inversely proportional
to Re, i.e. Esg00 > Elog00 at each downstream distance. This
is evident in the relative lengths of the power-law regions of
the jets, which is up to x/d = 60 for Re = 10600 (the jet was
observed to break up at x/d = 70 for the Eulerian average in
Pérez-Alvarado'!), while in the Re = 5800 jet, it is only valid
up to x/d =40, beyond which the concentration decay acceler-
ates, and where it is later shown that the jet structure has been
destroyed. The Eulerian averaging shows a faster concentra-
tion decay as compared to the centroidal averaging because
the effect of the jet meandering, causing low concentrations
to appear at the geometric axis, is included in the Eulerian av-
erage. The power-law region of the jet (i.e. first region) starts
following the developing region of the jet. If the power-law
behavior of the jet is extrapolated backwards, it predicts that
¢./¢0 =1atx/d = 7 and 6 for the centroidal analysis of the
Re = 10600 jet in a quiescent and HIT ambient, respectively.
Similarly, x/d ~ 7 and 2 is predicted for the Re = 5800 jet.
This suggests that the length of the developing region of the
jetis reduced in the HIT ambient, but this requires further ex-
periments for verification. It appears that although both jet
Reynolds numbers are affected, the effect is greater for the
jet with higher relative turbulence intensity (i.e. Re = 5800).
Similarly, the length of the recirculating region of a wake is
reduced in an isotropic turbulent ambient.'®3¢ Table II pro-
vides the decay exponents for the mean centerline concentra-
tion in the power-law regions of the Re = 10600 and 5800 jets
(as well as those for the concentration half-width and the rms
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FIG. 8. The effect of ambient turbulence on the downstream evolution of the mean centerline concentration. (a) Re = 10600, and (b) Re =
5800. Symbols: o, quiescent ambient; [J centroidal, and ¥V Eulerian averaging in HIT ambient. Figures are in log-log coordinates.

TABLE II. Power law exponents for the jet in quiescent and HIT ambient.

Background Averaging Re = 10600 Re = 5800
condition method ¢t/¢0 b¢,l Z/d ¢rmx.l'/¢0 ¢L/¢() b¢,l Z/d ¢rrm‘.<‘/¢0
Quiescent Centroidal x! x! x 07 x! x! x 07
‘s ~11 1.1 ~0.94 ~1.1 (R -0.92
Turbulent Centrqnddl X—l . xl ) x70 s X , (x/d < 40) x] s (x/d < 40) x70 o (x/d < 40)
Eulerian x X' x0T X% (x/d < 40) X7 (x/d < 40) X007 (x/d < 40)
concentration, discussed below). e 70)."1 Tt is relevant to note that the scalar width of a round

The mean scalar concentration profiles of the Re = 106006+
and Re = 5800 jets issuing into a quiescent and into a turbulentsss
ambient are close to Gaussian in shape, as shown in Fig. 9. Ases
observed for the centerline concentrations, turbulence in theey
ambient results in faster concentration decay leading to lowerss
concentrations in the profiles, except in the tails, i.e. |r/x| >a9
0.2 (for all tails but those of x/d > 40 for Re = 5800 jet).sun
The higher concentrations in the tails are due to the greaters:
width of the profile in the HIT ambient, and, for the Eulerians:
average, the inclusion of the jet meandering. In the HIT ambi-e:
ent, the centroidal average concentration profiles for both jetsu
Reynolds numbers are lower and slightly wider than those ofj,;
the quiescent ambient for the perturbed jet region (x/d =20 tog,
60 for the Re = 10600 jet and x/d = 20 to 40 for the Re = 58005,
jet, for which all £ < 0.5). For the Re = 5800 jet, beyond x/d
=40 (where & > 0.5), the profiles narrow indicating a greatly
reduced entrainment and, therefore, the destruction of the jet
structure. The Eulerian average profiles are generally lower
than those of the centroidal average due to the inclusion of thees
jet meandering. However, the maximums of the Eulerian pro-es
files for Re = 10600 up to x/d = 30 and for Re = 5800 at x/dss
=20 are higher than those of the centroidal profiles because,esi
although the extent of the jet boundary is relatively stationary,ss
the position of passive scalar centroid is affected by the am-es;
bient turbulence. The Eulerian average observations of meanes
centerline concentration confirm those of Pérez-Alvarado.'! s

The concentration half-width, by 1/, is a characteristicess
length scale of the scalar field, and its downstream evolutionsss
is shown in Fig. 10. In the quiescent ambient, the concen-sss
tration half-width grows linearly with the axial distance, x, asss
predicted by dimensional analysis. In the turbulent ambient, s
the half-width is greater than in the quiescent ambient and itsesi
rate of growth is faster (by 1/, o< x!'1) for both jet Reynoldses
numbers in the perturbed jet region for the centroidal average.ss
The width growth ceases for x/d > 40 for the Re = 5800 jetes:
indicating that the time-averaged entrainment into the jet hasess
stopped (as discussed below), which implies that the jet struc-ess
ture has been destroyed, meeting the criteria of jet break-up.sss
Jet break-up is, therefore, identified to occur at x/d > 40 fores
the Re = 5800 jet, and the region beyond it (where & > 0.5) isse
the destroyed jet region, which is only subject to turbulent anden
molecular diffusion (the Re = 10600 jet is destroyed at x/d =sn

jet subjected to volumetric heating also ceases to grow upon
disruption of the large-scale vortical structures of the jet.”>%
The Eulerian average data obscure the change in behavior of
the Re = 5800 jet due to the inclusion of the meandering of the
jet, which also results in a much higher rate of width growth
(bg,12 o< x> and by 1 /5 o< x' for the Re = 10600 and Re =
5800 jets, respectively). This is consistent with the growth
rates (from Eulerian average data) of the concentration half-
width of jets,!! the velocity half-width of momentum-driven'®
and buoyant jets,'? and of wakes (e.g. see Eames ef al.'® and
Legendre et al.'”) in a HIT ambient.

The effect of the HIT ambient on the entrainment into the
jet can be deduced from the integral volume flux, O, momen-
tum flux, M, and scalar flux, F, defined as

QEZﬂ:/ urdr, MEZ?T/ ﬁzrdr7 F EZTC/ agrdr,
JO JO J0
)

where u is the mean streamwise velocity of the jet. The en-
trainment hypothesis! states that the entrainment into a jet in
a quiescent ambient is a function of the entrainment velocity,
E,, which is proportional to a characteristic jet velocity, usu-
ally the mean axial velocity, i.e. E, o .. With continuous
entrainment of the ambient fluid at the jet interface, the mass
flow rate of the jet m = 27p [y urdr) increases linearly with
downstream distance. In the HIT ambient, it is expected that
the mass flow rate of the jet is decreased due to lower mean ax-
ial velocities compared to the quiescent ambient.'” Also, one
can expect that the mass flow rate of the jet does not increase
beyond the jet break-up, because the mean axial velocity be-
comes negligible. A reduction in mass flow rate in the HIT
ambient is observed for the Re = 10600 jet,'® whose rate of
increase decreases by x/d = 70 — 80. A second-order integral
model has also been proposed predicting a reduced volume
flux (Q = m/p) in the HIT ambient that reaches a plateau at
a critical downstream distance.!> A lower mass flow rate (and
lower volume flux) of the jet in the HIT ambient indicates a
lower entrainment into the jet compared to the quiescent am-
bient. The asymptotic behavior of m/mg and Q/Qo (mg and
Qo denoting the jet exit mass flow rate and volume flux, re-
spectively) indicates the cessation of the entrainment into the
jet beyond the jet break-up.'%12
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FIG. 9. Radial profiles of the mean concentration. For Re = 10600 jet at (a) x/d = 20, (b) 30, (c) 40, (d) 50, and (e) 60. Similarly, for Re
= 5800 jet at (f) to (j) for x/d = 20 to 60. Symbols: o, quiescent ambient; [J centroidal, and vV Eulerian averaging in HIT ambient. Dashed

magenta curves are Gaussian fit to the profiles.

FIG. 10. The effect of the ambient turbulence on the downstream evolu

(@)

tion of the concentration half-width. (@) Re = 10600, and (b) Re = 5800.

Symbols: o, quiescent ambient; [J centroidal, and V Eulerian averaging in HIT ambient. Figures are in log-log coordinates. A dash-dotted line

in (b) denotes the unchanged concentration half-width in the second re;

703
FIG. 11. The effect of the ambient turbulence on the downstream;y,
evolution the mean scalar flux of the jet. Symbols: o, Re = 10600,
quiescent; @ Re = 10600 HIT; [J, Re = 5800 quiescent; W, Re = 5800,
HIT. Dashed lines are power-law fits to the data. Solid lines show the
prediction by Lai ef al.’s'? exponential model for the scalar flux of
the jet in the HIT ambient.

707
Furthermore, the mean momentum flux and the mean scalars
flux are indicators of the jet entrainment. For the jet in a quies-
cent ambient, both M /My and F /Fy are conserved (M /M, ~
1,F/Fy = 1) and the mean momentum flux and the mean
scalar flux contribute almost 90% and 92% of the jet exit mo-
mentum, Mo, and the jet exit scalar flux, Fp, respectively.'640
For the jet in a turbulent ambient, however, M /M, and F/ F”
are less than one and increasingly so with the downstream’”
distance!! as the contribution of the mean fluxes decreases”
due to the increasing effect of the disruption of the jet struc-""
ture (Fig. 11), while the second-order fluxes become more’ "
important.'%-12 Lai et al.'? argued that the conservation of "
the total momentum of the jet in the HIT ambient can be’”
demonstrated only if the second-order momentum flux is in-
cluded. The scalar flux is calculated using the present con-
centration data and the velocity data from Khorsandi ez al.!®
It is noted as only the spatially-averaged velocity data (up to
x/d = 50) were available, the spatially-averaged concentra-7
tions were used to calculate the scalar flux. The mean momen-71
tum flux!! and the mean scalar flux (Fig. 11) are lower for the”
Re = 5800 jet and decrease faster compared to the Re = 106007
jet in the HIT ambient. This reflects the larger ratio of the tur-72
bulence intensity of the HIT to the jet, &, for the Re = 5800 jet
at any given downstream position. Both M /M, and F /Fy are
approaching zero by £ =0.58 (i.e. x/d = 50 for the Re = 5800
jet), which is found within the destroyed jet region. Lai et
al.’s exponential model'? has also been used to reproduce ther»
scalar flux of the current jet in the HIT ambient in Fig. 11,24
which shows good agreement with the experimental data. 75
In the second region of the jet in the HIT ambient (& >
0.5) the centroidal scalar half-width stops growing (Fig. 105,77

716

gion.

x/d > 40 for the Re = 5800 jet), which indicates the cessa-
tion of the entrainment into the jet. To further investigate the
entrainment in the second region, we have defined the top-hat
width, b,,, and velocity, u,,, of the jet

-9
m /7M bl
The rate of change of the volume flux in the streamwise direc-
tion is evaluated as,

M
b m=—. 6
u 0 (6)

d u ob
aQ = 3, Db S ™
——
0-<0 0t>0

For a jet in quiescent background, O = 2|0~ | due to the con-
servation of momentum, meaning that the jet is entraining am-
bient fluid on average. In a HIT ambient, however, the lack of
growth of the centroidal scalar half-width in the second region
(Fig. 10b, Re = 5800 jet) implies that the rate of increase of
the integral jet width with downstream distance is zero. This
leads to the second term of the right hand side of Eq. 7 to be
zero, and, thus,

do

o b aa“x <0, ®)

since the characteristic velocity is decaying.'® Therefore, the
change in the integral volume flux with distance, which is in-
terpreted as the time-averaged entrainment rate, has ceased in
the second region. A similar claim can be made for the inte-
gral momentum flux in this region, that is,

T~ 2}, a;;’ <o, ©
meaning that the mean momentum flux, M, has no means of
increasing. According to Morton, Taylor, and Turner,! the
lack of global entrainment in the second region implies the
absence of a mean velocity to drive the entrainment process,
and this in turn demonstrates that a jet no longer exists beyond
£>0.5.
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FIG. 12. The effect of ambient turbulence on the downstream evolution of the centerline rms concentration. (a) Re = 10600, and (b) Re =
5800. Symbols: o, quiescent ambient; [J centroidal, and ¥ Eulerian averaging in HIT ambient. Figures are in log-log coordinates.

Higher rms concentration values, @5, occur in the jet in thesso
turbulent ambient as compared to the quiescent ambient, asss:
shown in Fig. 12. Previously, Pal & Sarkar?! also reported anss
increased turbulence level (or equivalently an increased turbu-7s;
lent kinetic energy) in towed wakes subjected to isotropic tur-7s:
bulence, due to entrainment of background fluctuations. Thesss
rate of decay of the rms centreline concentration in the turbu-sss
lent ambient of the centroidal average data is more rapid (atss
a rate of @y, o< x99 and x99 for the Re = 10600 andss
5800 jets, respectively) than that in the quiescent ambient (atss
a rate of @s,c o x~%7). Due to the inclusion of the jet mean-
dering in addition to the changes in rms concentration in thes:
jet, the rms of the Eulerian average data is higher than thats:
of the centroidal average data and has a slower rate of decays
(@t Pms.c o< x~ 073 and x~083 for the Re = 10600 and 58007
jets, respectively). Note that once the jet is destroyed (be-7s
yond x/d = 40 in the Re = 5800 jet), the rate of decay of thews
Eulerian average is more rapid than in the power-law regions;
(perturbed jet region), as there is no longer a contribution tozs
the scalar fluctuations from the jet structure, but only from thezs
advection of the scalar by the HIT ambient. 500

The rms concentration profiles are shown in Fig. 13. The*"
double peaked shape of the rms profiles in the quiescent am-**
bient show the location of the shear layer between the jet flow™"
and the ambient. The shear layer in the jet is preserved but®*
weakening in the turbulent ambient for the Re = 10600 jet as**
shown by the double peaked centroidal average profiles with®®
maximum @, at r/x = £ 0.1, similarly to the jet in a quies-*”’
cent ambient. By x/d = 60, the maximum rms concentration®®
is observed at the centreline, implying a change in the small-**
scale structure of the jet, while the first order statistic of mean®'
concentration is still in the power-law region. For the Re =*'"
5800 jet, on which the ambient turbulence has a greater im-*"
pact, i.e. &sgoo > Eioe00, the shape of the profiles at x/d =%
20 is two-stepped, with the first step at r/x ~ + 0.2 corre-*"
sponding to the center of the shear layer between the jet and®”
the ambient, while the second step at r/x =~ £ 0.4 may be**
an indication of the effect of the ambient eddies modulating®”
the jet/ambient interface. By x/d = 30, the first step is still*"*
visible and demonstrates the relatively strong jet structure de-*'*
spite the impact of the ambient turbulence. The width of the
profile starts to decrease from x/d = 40, reducing to that of
the quiescent case by x/d = 60, again indicating a decaying™
jet structure. The Eulerian averaging obscures the detail of
the jet structure and the rms concentration profiles are singlesa:
peaked for both jet Reynolds numbers (beyond x/d = 30 fors»
the Re = 10600 jet) and become super Gaussian with down-ss
stream distance, the effect being stronger in the Re = 5800 jet, s
confirming the results of Pérez-Alvarado.!! s

To summarize, two regions of jet behavior are identified ins2
the jet in a HIT ambient. In the first region, the perturbed jets>
region (which is the main focus of this study), the ambient tur-ss

bulence disrupts the jet structure due to meandering of the jet
and entrainment of the turbulent ambient fluid resulting in a
faster decay of the jet and a lower entrainment rate than in the
quiescent ambient. This region follows the developing region
of the jet, and the first- and second-order properties of the
scalar field show power-law behavior. In the second region,
the destroyed jet region, the ambient turbulence is compara-
ble to the jet turbulence (£ > 0.5), and the jet has been bro-
ken up and destroyed. Beyond the break-up position, the jet
momentum-driven mechanism of scalar transport is replaced
by molecular and turbulent diffusion by the ambient eddies.
The transition between the two regions is determined by the
relative turbulence intensity, £, and the second (destroyed) re-
gion occurs for & > 0.5.

The observations of the evolution and structure of the jet
in the turbulent ambient, conditioning the average data on the
jet centroid, show that the ambient turbulence serves to re-
duce the mean concentration, while increasing the rms con-
centration, and to increase the concentration half-width up to
the point where the jet structure breaks up. The mean con-
centration profiles maintain their Gaussian shape for both jet
Reynolds numbers (up to the limit of observations), despite
the external forcing. The shear layer between the jet and the
ambient is found to be well preserved in the perturbed jet re-
gion before break-up. The rate of decay of the mean concen-
tration and the growth rate of the concentration half-width are
the same for both jet Reynolds numbers in the perturbed jet
region. Beyond jet break-up, identified as where the relative
turbulence intensity, & > 0.5, the mean concentration decays
more rapidly and the half-width stops increasing. The lack
of growth of the concentration half-width indicates that the
jet-driven entrainment is no longer occurring, implying that
the jet has been destroyed, and only molecular and turbulent
diffusion is occurring.® We hypothesize that when accounting
for the large-scale meandering (i.e. using centroidal averag-
ing), the evolution of the scalar field in axisymmetric jets is
universal in the HIT ambient, provided the jet structure is not
destroyed. Additional data over a broader range of Reynolds
numbers and downstream distances (i.e. a wider range of &
and .%) would allow us to confirm this conjecture.

B. Self-similarity and self-preservation

Self preservation of the velocity field of an axisymmetric
jet in a quiescent ambient requires that the product of the nor-
malized mean centerline velocity, &./Up, and the normalized
velocity half-width, b, /,/d, scales to a constant (e.g. see
Hussein et al.*¢). The (first-order) self-preservation also holds
for the normalized scalar concentration, ¢./@o and the con-
centration half-width, b¢_1 2 /d, in a quiescent ambient, that
is, @/ 9o x by12/d o= x0. The jet issuing into a turbulent am-
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FIG. 13. Radial profiles of the rms concentration fluctuations. For Re = 10600 jet at (a) x/d = 20, (b) 30, (c) 40, (d) 50, and (e) 60. Similarly,
for Re = 5800 jet at (f) to (j) for x/d = 20 to 60. Symbols: o, quiescent ambient; [ centroidal, and V Eulerian averaging in HIT ambient.

FIG. 14. Mean concentration profiles normalized by their centerline va

(@)
@)

lue. Radial distance is normalized by corresponding characteristic axial

length scale, £ = (x —x0)"/d"~", where n is the growth exponent of the concentration half-width in the turbulent ambient. (a) Re = 10600
centroidal (n = 1.1), (b) Re = 10600 Eulerian (n = 1.2), (c) Re = 5800 centroidal (n = 1.1), and (d) Re = 5800 Eulerian (n = 1.5). Symbols: *,

x/d =20; 0, x/d =30; V, x/d = 40; A, x/d = 50; [, x/d = 60.

bient is self-preserving in the power-law region where the jetsso
is perturbed by the ambient turbulence (€ < 0.5 and before jetser
break-up, . = 2.2 - 6.3 for Re = 10600 and .Z = 2.9 - 5.8 for

Re = 5800), as ¢/¢o o< x~ "1 and by | /»/d o< x'! for both jet

Reynolds numbers (so that ¢/@o X by, ;/2/d o< x©), when thesss
average is conditional on the jet centroid (see Table II). There-

fore, in this region, the jet maintains its evolution almost akin,,
to the jet in a quiescent ambient, although with lower concen-,
trations and a slightly greater spreading rate, i.e. S = 0.14 andy,,
S = 0.16 in the HIT ambient for Re = 10600 and Re = 5800,
jets, respectively, as compared to that in a quiescent ambient,;,
S=0.112. s

Support for the self-similarity of the mean scalar field of thes:s
jetin a turbulent ambient, in the first or perturbed jet region,ss
is provided by the collapse onto a single curve of the means»
concentration profiles (centroidal and Eulerian averages) seenss
in Fig. 14 (for all x/ds for the Re = 10600 jet and up to jetsw
break-up at x/d = 40 for the Re = 5800 jet), when the con-sso
centration is normalized by the mean centerline concentration,ss:
¢, and the radial distance by the characteristic axial lengthss:
scale,” £ = (x —x0)"/d"~!, where n is the growth exponentss
of the concentration half-width in the turbulent ambient, seess:
Table II. However, the mean scalar concentration is not self-sss
similar in the second or destroyed jet region as seen in thess
centroidally averaged data [see Fig.13(c)]. Only the regionsss
r/% = 0 is shown due to symmetry. In a similar HIT ambi-sss
ent generated by the RIA (kgjy = 4.4cm?s~2), the Eulerianss
velocity profiles of Khorsandi et al.'” were reported to reveals»
no self-similarity of the jet flow, unlike the Eulerian concen-so
tration profiles of this study. A recent study of round jets inss
a turbulent coflow with very weak external turbulence (rela-sos
tive turbulence intensities of & = 0.03 to 0.23 for x/d = 45 toss
105 for the case of low kgjy = 0.04 cm?s~2 and high kgja =sos
0.12 cm?s™2), reported self-similarity in the Eulerian aver-s
aged profiles when . ~ 1.2° The rms concentration profilessy
of both Reynolds number jets in HIT ambient of the currentsss
study were not self-similar, reflecting the greater vulnerabilityse

of higher statistics of the velocity and scalar fields to external
forcing.

C. Statistics of the passive scalar mixing

The statistics of the passive scalar mixing are investigated
in terms of the intermittency, and the PDFs (and CDFs) of the
scalar concentration at the jet centreline. The intermittency of
a jet describes the probability of the jet being present at a given
location, (allowing the structure of the jet to be deduced), and
is defined as y = prob(¢(r,x) > ¢), where ¢, is the scalar
threshold used to define the jet/ambient interface; that is, the
turbulent/non-turbulent interface (TNTI) in the quiescent am-
bient and the turbulent/turbulent interface (TTI) in the turbu-
lent ambient. The interface between the inner turbulent flow
and the outer ambient is usually detected by applying a suit-
able threshold to a flow variable, e.g., enstrophy,?°! spanwise
vorticity,%% streamwise velocity,>%* TKE,%% standard devi-
ation of the velocity®’” and velocity fluctuation,®® and scalar
concentration.’>® Recently, several machine learning tools
have also been utilized to detect the TNTI and the TTL7%-72
In high Schmidt number flows, momentum diffusivity, v, is
much greater than scalar diffusivity, Z, resulting in a sharp in-
terface with a distinct concentration jump, also in a turbulent
ambient (e.g. see Kankanwadi & Buxton®? for axisymmetric
wakes in a homogeneous turbulent ambient). Furthermore, the
interface detected using moderate and high Schmidt passive
scalars coincides with that of the enstrophy and spanwise vor-
ticity, and, thus, reliably demarcates the turbulent flow and the
ambient.”> The threshold value of ¢ = 0.15¢, was selected
empirically from the range of 0.13¢, to 0.17¢,, for which the
TNTI and TTI have only small variations (see Appendix B).
In a similar experimental flow, ¢, = 0.13¢ was the threshold
selected for the TNTI outline detection using a conditional
pixel-averaged concentration method.>

In a quiescent ambient, the intermittency profile of the jet
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FIG. 15. Radial profiles of the intermittency. For Re = 10600 jet at (a) x/d = 20, (b) 30, (c) 40, (d) 50, and (e) 60. Similarly, for Re = 5800 jet
at (f) to (j) for x/d = 20 to 60. Symbols: o, quiescent ambient; [J centroidal, and V Eulerian averaging in HIT ambient. The solid orange line
in (d) shows the intermittency profile in Kohan & Gaskin,>® calculated using the cumulative distribution of the TNTI radial position.

FIG. 16. Examples of instantaneous concentration field of the jet in the quiescent (top) and the HIT (bottom) ambient for x/d = 20 - 60, Re =
5800. Each concentration field is normalized by its @y, as seen in the colorbar. The red cross denotes the jet axis. In the turbulent ambient,
the interface is longer and more tortuous due to the interaction of small-scale eddies of the ambient on the jet interface. Note the increasing
presence of very low concentrations in the jet in the HIT ambient, more noticeable beyond the jet break-up at x/d > 40. At x/d = 60 the core

has decayed significantly.

indicates a coherent core (y = 1) with a width of |r/x| <os
0.1 and a sharply defined TNTI, whose position varies overss
|r/x| = [0.1 - 0.2], as shown in Fig. 15 for jet Reynolds num-s:
bers of Re = 10600 and 5800. The quiescent profile at x/d =«
50 for Re = 10600 jet is in good agreement with a profile cal-o:
culated using the cumulative distribution of the TNTI rad1a1

position.>3 In the turbulent ambient, before jet break-up, the »
extent of the jet core is very similar to that in the qu1e§cent s
ambient (when the data are centroidal averages), although the
edge of the core is less distinct (y reduces gradually to 0. 9.,
over |r/x| ~ [0.08 - 0.13]). After jet break-up (x/d > 40 for
Re =5800), the remains of the jet core region becomes less co-
herent, as y decreases rapidly with downstream distance (Yuax,,,
= 0.9 at x/d = 50, Yuax = 0.6 at x/d = 60), indicating de-
struction of the jet structure as ambient fluid is often found

in the core region. In the turbulent ambient, the jet interface
(TTI) position relative to the centroid varies over a greater 4
radial distance of |r/x| ~[0.1 - 0.4] in the power-law region
(i.e. the perturbed jet region before jet break-up at x/d > 60
for Re = 10600 and x/d > 40 for Re = 5800 jets). There i 15
a low likelihood of interface excursions (increasing sl]ghtly
with axial distance) between |r/x| = [0.4 - 0.6] seen as the " o
tails of the intermittency profiles. The greater range of pos-
sible radial distances of the jet/ambient interface indicates an :
interface that is modulated by the eddies of the ambient turbu-

lence. The modulation results in a longer and more tortuous o
interface than in the quiescent ambient as seen in the flow vi-

sualization (Figs. 1 and 16). This increases the surface aICa.W:S
of the interface over which nibbling can occur, however, as
entrainment decreases in the turbulent ambient, we can reason
that the local entrainment velocity is greatly reduced. Local
entrainment velocity is the normal component of the relative
velocity between the boundary propagation rate (Ep) and the
local fluid velocity at the interface, and is often used to quan-
tify the strength of the nibbling mechanism.”*7® As jet break-
up approaches, the radial position over which the interface i is” s
located increases slightly, before decreasing rapidly after Jet §
break-up (at x/d = 40 for Re = 5800 the radial position of the”"

975

955

957

960

969

970

interface has narrowed to |r/x| = [0 - 0.2]). The intermittency
profiles obtained with an Eulerian average include the effect
of the jet meandering, obscuring the evidence of the jet struc-
ture, shown by the intermittency values of less than one in the
jet core region and by the triangular shaped profiles.

Further understanding of the jet dynamics in a HIT ambient
is obtained from the analysis of the PDFs and corresponding
CDFs of the jet centerline concentrations. In the quiescent
ambient, the PDFs of the centerline concentration are almost
Gaussian with the lowest concentration non-zero and decreas-
ing with axial distance, as seen in Fig. 17 for the Re = 10600
and 5800 jets. By comparison, in the power-law region of
the jet (x/d = 20 - 60 at Re = 10600 and x/d = 20 - 40 at
Re = 5800), turbulence in the ambient results in a greater oc-
currence of lower concentrations as expected from the lower
mean centerline concentrations (observed from the centroidal
average). The PDFs become skewed towards the lower con-
centrations, with lower maximums and a minimum of zero.
The maximum concentrations (defined by the 98" percentile
of the CDF) are reduced compared to the quiescent case by 10
-25% and 25 - 35% for the Re = 10600 and Re = 5800 jets, re-
spectively. The wider PDFs, in general, suggest a lower scalar
mixing compared to the quiescent ambient (as argued in Nedic
and Tavoularis”’). The probability of concentrations below
the threshold increases with downstream distance and are due
to discontinuities in the jet due to its lateral advection by large
eddies in the ambient leaving isolated islands of the scalar.
After jet break-up (x/d > 40 for Re = 5800 jet), there are an
increased number of lower concentrations and a sharply in-
creasing occurrence of below threshold concentrations (12%
at x/d = 50 and 40% at x/d = 60 for the centroidal average of
the Re = 5800 jet). The PDFs and CDFs obtained from the Eu-
lerian averaging again obscure the detail of the jet structure,
but do indicate a greater frequency of lower concentrations,
while the greatly increased likelihood of below threshold or
zero concentrations is due to the inclusion of the effect of jet
meandering on the analysis.

We hypothesize that greater local scalar concentration gra-
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FIG. 17. PDF of centerline concentration. For Re = 10600 jet at (a) x/d = 20, (b) 30, (c) 40, (d) 50, and (e) 60. Similarly, for Re = 5800 jet
at (f) to (j) for x/d = 20 to 60. Symbols: o, quiescent ambient; [J centroidal, and V Eulerian averaging in HIT ambient. The solid, dashed
and dashed-dotted lines show the corresponding threshold values, ¢, /¢y, in the quiescent ambient, and the Eulerian and centroidal averaging
methods in HIT ambient, respectively. The insets depict the corresponding CDF values in the quiescent and in the HIT ambient.

dients occur within the boundary of the jet in the HIT am-os
bient, as compared to the quiescent case, due to entrainmentos
of the small-scale turbulence of the ambient (see Fig. 16 forow
instantaneous concentration fields). This is plausible due taoo
the increased rms concentrations in the jet and the increasedo
range of the centerline concentration seen in the PDFs. Thao2
presence of increased local scalar gradients is corroborated byios
the greater differential diffusion observed for a jet in a turo:
bulent ambient as compared to a quiescent ambient®® (jet Rans
= 10600 and same HIT). This hypothesis could be validatedos
by directly calculating the local instantaneous concentratione
gradients within the jet boundary, however, lack of sufficientos
spatial resolution prevents us from capturing the Batchelor mio
croscale (np = nSc"l/ 2), which in turn greatly underestimateso
the calculation of the scalar gradients. 1031

The time-averaged net entrainment into the jet in a HITox»
ambient is decreased compared to the quiescent case due toos
the lower characteristic jet velocity driving the entrainment!%ox
and due to greater detrainment induced by the backgroundoss
turbulence.?” The increased detrainment is due to the frequentoss
and extreme outward flux of detached jet fluid into the am-os
bient as a result of the advection of the jet by large-scaleos
ambient eddies and due to increased turbulent diffusion atosx
the jet/ambient interface, TTIL. In the quiescent ambient, thaoo
detached scalar patches are re-entrained into the jet withinou
an eddy turnover time,’® while in the turbulent ambient, re-o:
entrainment is much weaker and the detached patches diffusaos
into the ambient (as seen by visualization, Fig. 16). After thaou
jet breaks up, it is no longer self-similar and its intermittencyios
increases. The decreased width of the intermittency profilaos
post break-up confirms that jet-driven entrainment is no longeross
occurring, and only turbulent and molecular diffusion is trans-os
porting the scalar. This is consistent with Hunt’s hypothesis i
that forcing of a jet disrupts the jet structure, and with previousoso
experimental observations.®10-12 1051

1052

D. Summary of the experimental observations

1053

All the observations support a two-region model for the be-
havior of the jet in the HIT ambient, in which the regions araos:
defined based on the ratio of the turbulence intensity betweenoss
the ambient and the jet, &. In this study, for & < 0.5, the jet iSoss
perturbed by the HIT ambient, showing a faster decay of thaoss

centroidal mean concentration and a faster growth of the cen-
troidal concentration half-width (both following power-laws)
compared to the quiescent case. Despite the external forcing,
the core of the jet is well preserved and the jet maintains its
self-similarity and self-preservation in this region (¢ < 0.5).
For £ > 0.5, however, the decay of the mean concentration
and the growth of the concentration half-width deviate from
their power-law behaviors. The centroidally-averaged con-
centration half-width stops growing, which (according to the
entrainment theory) indicates that the jet-driven entrainment
into the jet has stopped. The "no entrainment” status implies
that the mean centerline velocity u. and hence the global en-
trainment velocity, E, = Qii., are zero. This means that no
"jet" exists beyond & > 0.5, and that the jet structure has been
destroyed by the ambient turbulence. The destroyed jet struc-
ture for & > 0.5 is reflected in the scalar profiles in Fig. 14¢
no longer being self-similar, in the decayed jet core in the cen-
troidal intermittency profiles (Fig. 154, j), and in the increasing
presence of the ambient fluid at the jet centroid in the cen-
troidal CDFs (Fig. 17i, j). All the above discussions support
the proposal of the two-region model for the jet in the HIT
ambient, a sketch of which is illustrated in Fig. 18.

In fact, the two-region model is a refinement of the dis-
cussions from previous observations for the jet in a HIT am-
bient, stating that the behavior of the jet (as well as the en-
trainment process and subsequent scalar mixing) is different
before and after the jet break-up.'%!2 In the present study, the
centroidally-averaged data allowed for the separation of the
effect of the HIT ambient on the jet entrainment from the ef-
fect of the HIT causing the jet path to meander. Using this
method, the structure of the jet is more apparent, and it is
clearly visible that beyond & = 0.5 the jet has been destroyed
by the ambient turbulence eddies and no longer exists. In Eu-
lerian averages (of above studies), the evolution and structure
of the jet are partially obscured due to the inclusion of the jet
meandering.

VI. CONCLUSION

The effect of an approximately homogeneous and isotropic
turbulence with a negligible mean flow on the evolution of the
structure and the dynamics of an axisymmetric turbulent jet,
with Re = 10600 and Re = 5800 was investigated by analyz-
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FIG. 18. Schematic of the scalar field characteristics of a jet subjected to HIT ambient using the available data. The important properties of
the two-region model is delineated with a centroidal averaging method. The jet axis and its centroid are shown with the dotted line and dashed

line, respectively.

ing the passive scalar field. Planar laser-induced fluorescencaios
was used to visualize the jet and the measured scalar statistics
were compared to those of the jet issuing into a quiescent ams,,
bient. The scalar statistics were conditioned on the jet centroid,,
to separate the effects of the larger and smaller scale ambient,,,
eddies on the jet dynamics, which were also compared to clas;,,,
sical Eulerian statistics. s
Turbulence in the ambient reduces jet entrainment and re-
sults in a rapid jet break-up. it This is due to disruption of),,
the jet structure by external forcing as hypothesized by Hunt, s
contrary to the long-held intuitive assumption that jet dilution

and turbulent diffusion can be superimposed. e

117
A two-region model for the jet evolution and structure,,

when released into the turbulent ambient, is proposed based

1119

on averages conditioned on the jet centroid (Fig. 18). In the

first region, following the developing jet region, the ambieng
turbulence disrupts the jet structure, due to modulation of the, ,
jet interface, meandering of the jet by the large eddies and en-

trainment of the turbulent ambient fluid, resulting in a fasterljz
decay of the jet and decreased entrainment. In the second re .
gion, identified as where the relative turbulence intensity § >
0.5, the ambient turbulence has destroyed the jet structure,,
Although scalar remains, as there is no momentum to drive
the entrainment, the momentum-driven mechanism for scalar
transport is replaced by turbulent/molecular diffusion by the
ambient eddies. The relative lengths of the two regions de-
pend primarily on the relative turbulence intensity, &, between

the ambient and the jet, as assessed by the centroidal analysis,

which removes the effect of the relative length scale (.£) on

the jet behavior in the HIT ambient.

121

126

129

130

The first region (the perturbed jet region) is of particu-
lar interest as the jet structure is present, but its dynamics
are modified by the ambient turbulence. The mean proper-1»
ties of the scalar remain self-similar and self-preserved when!»
conditioned on the jet centroid (i.e. following the meander-13
ing jet path), but have greater concentration decay (¢.) andss
half-width growth rate (b 1/5). The ambient turbulence in+i
creases the modulation of the jet/ambient interface. The en+iy
trainment of the ambient turbulence increases the rms con-is
centrations and is hypothesized to increase local concentra+is
tion gradients within the jet. The same power-law behavior inuo
the perturbed jet region for the decay of the mean centroidalis
concentration, concentration rms, and width growth for boths
jet Reynolds numbers, indicates the universality of the evolu+is
tion of the scalar statistics in HIT ambient, provided the jetis
structure is preserved. To further investigate the effect of thaus
ambient turbulence on the scalar mixing in jets, a larger rangeass
of Reynolds numbers and ambient turbulence conditions (&
and .%), as well as simultaneous velocity and scalar measure-is
ments are recommended. 1149
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Appendix A: Effect of the threshold value on the position of
the centroid

The mean location of the centroids exhibited by red circle
markers in Fig. 3 are the ensemble average of the instanta-
neous centroids, calculated from the bulk of the flow without
applying a threshold to the scalar fields. Regions character-
ized by intense values of passive scalar often control the po-
sition of the centroid, as evident from its definition in Eq. A1.
However, large-scale meandering of the jet in the presence
of HIT ambient often results in non-trivial values of passive
scalar being pushed out of the FOV. Thus, in order to check
the validity of the centroidal analysis presented throughout the
manuscript, we investigate the relationship between the aver-
age location of the centroid and a wide range of scalar thresh-
olds. The radial position, R¢, and orientation, 8¢, of the cen-
troids calculated for regions where the local concentration is
larger than the threshold value are expressed in Eq. Al and
Eq. A2, respectively,

J(rde)lo>g
Re= 10 0>0r Al
S ETIY (AD
6c = —tan™"! <Z£> , (A2)
ye

where yc and z¢ denote the coordinates of the instantaneous
centroids calculated from thresholded scalar fields, i.e., Ré =
yé + zé.

Figure 19 shows the ensemble averaged radial location, Rc,
and orientation, O¢, of the centroids for the worst case sce-
nario, that is, Re = 5800 jet at x/d = 60 against a range of
thresholds. As can be seen, the orientation is quite insensi-
tive to the threshold value. More importantly, one can observe
only slight changes in the radial location of the centroid with
increasing values of the scalar threshold. Specifically, by ap-
plying ¢;/@. = 0.15, which is the threshold for detecting the
jet region (Sec. V C), the radial position changes by 5% rela-
tive to the unthresholded value. Furthermore, thresholding the
scalar fields results in centroids being closer to the jet axis, im-
plying the existence of intense concentration values near the
geometrical centerline even in the presence of extreme mean-
dering. Overall, we deduce that the position of the centroids
are well-defined.
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FIG. 19. Variation of R¢ and ¢ versus ¢;/¢. normalized by their
respective un-thresholded values. Data for Re = 5800 at x/d = 60.
Symbols: e, R¢; V, 6c.

FIG. 20. Variation of intermittency profiles versus ¢;. Data for Re
= 5800 at x/d = 60. Symbols: O, ¢ /¢, = 0.13; A, ¢ /¢, = 0.15;
o, ¢/@c = 0.17. Black, blue, and red marker colors correspond to
quiescent, centroidal turbulent, and Eulerian turbulent backgrounds,
respectively.

Appendix B: Effect of threshold value on the intermittency
profiles

The location of the outer boundary demarcating the high-
Sc flows and the ambient shows small sensitivity to the cho-
sen threshold due to the weak diffusive nature of the passive
scalar (e.g. see Westerweel er al.%”). However, this may not
be the case in turbulent backgrounds due to the presence of
appreciable amounts of passive scalar (close to the threshold
concentration value) in the ambient. Here, we investigate the
effect of varying the scalar threshold on the intermittency pro-
files presented in Fig. 15. To this end, we employ thresholds
in the range of ¢;/¢. = 0.15+ 13% and recalculate the in-
termittency profiles in the quiescent and the turbulent back-
ground cases. Figure 20 shows the intermittency profiles for
the worst case scenario, i.e., x/d = 60 at Re = 5800 jet. In-
deed, there are only slight changes in the detected jet regions
for different values of the scalar threshold, as made evident by
the approximate collapse of the intermittency profiles. There-
fore, we conclude the robustness of the present criterion for
detecting the jet interface even when the jet is subjected to
HIT ambient, independent of the averaging method, that is,
Eulerian or centroidal.

DATA AVAILABILITY

The data that supports the findings of this study are avail-
able from the corresponding author upon reasonable request.
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