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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 (ξ ) between the ambient and the

jet, as assessed using the centroidal analysis, which removes the effect of the relative length scale (L ) 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 ξ > 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

Scalar mixing in turbulent shear flows (jets, plumes, wakes1

and boundary layers) is of interest in industrial and environ-2

mental contexts and has been studied extensively in a quies-3

cent ambient. A jet in a quiescent ambient, after a zone of flow4

establishment, is self-similar and its mean momentum drives5

entrainment into the jet with a global entrainment velocity, Ev,6

that is proportional to a characteristic jet velocity1 with a con-7

stant of proportionality, α , of O(0.1) (e.g. see van Reeuwijk8

and Craske2). Entrainment, the transport of ambient fluid into9

the turbulent shear flow, occurs by engulfment, a large-scale10

inviscid process3,4 and by nibbling at the jet/ambient inter-11

face, a small-scale viscous diffusion process.5,6 The entrain-12

ment of ambient fluid results in the outward propagation of the13

interface between the jet and the ambient fluid at a boundary14

velocity, Eb.715

It has long been assumed (and is still often maintained) that16

release of a jet into a turbulent ambient flow will increase its17

rate of dilution through superposition of jet-driven entrain-18

ment and turbulent diffusion. This was an expedient approach19

simplifying modelling in practical applications to predict, for20

example, air/fuel ratios for combustion or dilution for pollu-21

tant dispersion. Despite challenges in producing ambient tur-22

bulence for a laboratory study, Gaskin et al.8 demonstrated23

experimentally that turbulence in the ambient flow serves to24

disrupt the jet flow resulting in reduced dilution. This was25

the first experimental evidence in support of Hunt’s9 argument26

of 1994, that any forcing, such as turbulence in the ambient,27

a)Electronic mail: susan.gaskin@mcgill.ca

tending to break up a jet or plume would reduce entrainment.28

The reduced entrainment shown experimentally for a shallow29

jet in a co-flow8 was confirmed for an axisymmetric jet10,11
30

and a buoyant jet.12
31

Break-up of the jet, defined as the condition at which32

momentum-driven entrainment of the jet stops, is hypoth-33

esized to occur once the jet or plume turbulence has de-34

creased to that of the ambient,9 which has been observed35

in jets and plumes.10–15 In experiments, in which a jet is-36

sues towards an oscillating grid generated turbulence field,37

break-up is very rapid due to a simultaneous decrease in jet38

turbulence as ambient turbulence increases.13–15 In jets and39

plumes, the turbulence in the ambient increases the rate of40

decay of the mean centerline velocity and passive scalar con-41

centration, and increases the root mean square (rms) of the42

velocity and the concentration. The rate of width growth is43

increased (but less than the increase in the rate of decay of the44

mean centerline properties)8,10–12,16, while the mass flow rate45

decreases.11 Similarly, the velocity deficit in a wake decays46

more quickly17,18 and its width growth increases once the in-47

tegral scale of the ambient turbulence is larger than the width48

of the wake.19
49

The effect of the relative turbulence intensity and the rel-50

ative length scale between the ambient and the flow was ini-51

tially observed for boundary layers.20 In wakes, the ambient52

turbulence intensity is the dominant factor.21,22 There is hy-53

pothesized to be little effect of the ambient turbulence on the54

jet or plume flow close to the exit, where it is less intense55

than the jet turbulence. However, its increasing impact with56

downstream distance due to an increasing relative turbulence57

intensity will result, at some point, in the break-up of the jet58

and destruction of its structure.9 After the jet structure is de-59

stroyed, a passive scalar will then only disperse due to detrain-60
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Turbulent jet in HIT ambient 2

ment by turbulent and molecular diffusion.8,10,11 It should be61

noted that a maintained jet structure refers to the preservation62

of the jet mean momentum, and, therefore, its large-scale vor-63

ticity structures. These large structures, in turn, induce the64

global entrainment velocity, Ev.23
65

A jet, whose integral scale (i.e. width) is less than the66

largest length scale of the ambient turbulence, is advected by67

the large scales causing its path to meander, while the jet struc-68

ture/entrainment is affected by the smaller scales.9,24 Studies69

of jets and plumes in ambient turbulence, using Eulerian av-70

eraging (all to date), include both the effect of the large scales71

advecting the jet and the effect of the small scales of the am-72

bient turbulence. An increase in jet spreading observed in73

Eulerian averages of strong jets in a coflow with low levels74

of ambient turbulence has been interpreted as increased en-75

trainment citing superposition of jet-driven entrainment and76

ambient turbulent diffusion.25,26 Jet entrainment (or resulting77

dilution) is driven by the jet’s mean momentum,1 whereas de-78

trainment by turbulent diffusion is driven by the scalar con-79

centration gradient and facilitated by the ambient turbulence80

diffusivity. Experimental observations of jets in ambient tur-81

bulence have not found self-similarity of first-order properties82

(Eulerian averages),10,11 although, in a strong jet in a coflow83

with very low relative turbulence intensity, self-similarity was84

observed up to a relative length scale of the ambient to the jet85

of one.26
86

In real flows, turbulence is generally inhomogeneous and87

anisotropic. However, the study of shear flows in homoge-88

neous isotropic turbulence (HIT) allows for analysis in a sim-89

plified laboratory context. That being said, despite being a90

simple concept, HIT is challenging to realize in a laboratory91

due to the necessity of a mean velocity gradient for initial pro-92

duction of turbulent kinetic energy (TKE).11 Researchers have93

used different methods to create the closest approximations94

to HIT, such as oscillating grids,27 active/passive grids,28,29
95

and loudspeakers.30 However, grid-generated turbulence suf-96

fers from large mean flows, and the loud speakers systems can97

maintain the HIT in only a very small region. Introduction of98

the random jet array (RJA) enhanced the quality of the turbu-99

lence, minimizing the mean flow and increasing the extent of100

the HIT region.31–33
101

In the current study, the effect of the different intensi-102

ties of HIT on the evolution and structure of an axisym-103

metric turbulent jet is investigated through the study of the104

passive scalar field, building on the work of Khorsandi et105

al.10 and Pérez-Alvarado11 (same turbulence properties and106

jet Reynolds numbers). Scalar statistics of the flow are an-107

alyzed using (i) a classical Eulerian average, which is a sta-108

tionary spatial average, and (ii) an average conditioned on the109

centroid of the instantaneous jet cross-section, hereafter re-110

ferred to as Eulerian average and centroidal average, respec-111

tively. While the Eulerian average provides information on the112

spatial dispersion of the scalar concentration relative to the jet113

axis, the centroidal statistics provide information on the jet114

dynamics by separating the effect of the larger scales, which115

advect the jet causing its path to meander, from the smaller116

scales, which disrupt the jet entrainment and mixing (details117

in Sec. III).118

The experimental set-up of a jet issuing into a HIT with119

negligible mean flow generated with an RJA is described in120

Sec. II. The passive scalar field of the jet is experimentally121

measured using the planar laser induced fluorescence (PLIF)122

method, as detailed in Sec. II and analyzed using centroidal123

averages and Eulerian averages, Sec. III. In Sec. IV, the124

measurement technique is validated. Section V presents the125

results, and a discussion of the effect of the HIT ambient on126

the jet dynamics as compared to the jet in a quiescent ambient127

is provided. Section VI summarizes the conclusions.128

II. EXPERIMENTAL METHODS129

A turbulent axisymmetric jet was released into a quiescent130

and a HIT ambient with negligible mean flow. The PLIF131

method was used to observe the evolution of the passive scalar132

field in cross-sections of the jet. A detailed description of the133

experimental facility, the implementation of the PLIF method,134

and the data acquisition follows. Figure 1 is a schematic view135

of the experimental apparatus, and examples of instantaneous136

jet cross-sections in the quiescent and the HIT ambient are137

shown.138

A. Experimental facility139

The experiments were carried out in a 1.5 m × 2.4 m × 1140

m subsection of a large glass water tank (1.5 m × 6 m × 1141

m) open at the top (i.e. the free surface is at ambient pres-142

sure). The water in the tank was either quiescent, after being143

left to settle for sufficient time after slow filling, or turbulent144

(HIT). An approximately homogeneous and isotropic turbu-145

lence with negligible mean flow was generated in the tank by146

a random jet array (RJA),31,32 but at a larger scale.34 The RJA147

is an array of 6 rows and 10 columns of bilge pumps (Rule148

25D, 500 GPH) mounted on a 1 m × 1.5 m vertical sheet of149

high-density polyethylene. The uniform spacing of the pumps150

in the horizontal and vertical directions (M = 15 cm, center to151

center distance), and a reflective boundary condition reduces152

the occurrence of secondary flows.32,35
153

The turbulence was generated by the RJA using an al-154

gorithm to individually turn the jets on and off for periods155

of time randomly selected from a normal distribution with156

a (µon,σon) = (12,4) s and (µo f f ,σo f f ) = (108,36) s.32,34
157

Thus, 10 % of the pumps operate on average at any given158

time. Downstream of the RJA, the jets merge and create an159

approximately HIT ambient. As the intake and discharge of160

each pump occur simultaneously into the same control vol-161

ume, there is zero net mass flow rate through each pump,162

resulting in an overall zero-mean flow in the tank. The ran-163

dom algorithm for the RJA generated a flow that most closely164

approximated a zero-mean flow HIT as compared to several165

alternative algorithms.10,34
166
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Turbulent jet in HIT ambient 3

(a)

(b)(c)

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 φt = 0.15φc, where φc is the the mean cen-

terline concentration in the quiescent ambient, and the centroidally

averaged concentration in HIT ambient, respectively (Section III).

Red cross denotes the jet axis.

B. Jet apparatus167

A round turbulent jet with Re = 10600 and 5800 issued into168

the water tank parallel to the RJA sheet, such that the turbu-169

lence level was constant along the jet centerline in the down-170

stream direction. The jet issued from a copper tube with 8.51171

mm inner diameter (d), which extended vertically for 1.2 m172

and, after a 90◦ bend, extended horizontally for 0.2 m (∼ 24d)173

achieving a fully developed flow at the exit. A constant-head174

reservoir, located 3 m above the jet, fed the jet flow maintain-175

ing a constant flow rate, and thus a constant Reynolds number.176

The jet was turned on and off with a solenoid valve, while a177

ball valve was used to adjust the flow rate, measured using a178

flow meter (Omega FL50002A). The jet measurements were179

made at orthogonal cross-sections of the jet located at down-180

stream distances of x/d = 20, 30, 40, 50, and 60. The jet was181

mounted on a traversing mechanism to precisely adjust its po-182

sition in the streamwise (x) and vertical (z) directions. The jet183

discharged parallel to the RJA sheet at a transverse distance of184

110 cm (i.e. y/M = 7.3), where the turbulent kinetic energy185

(TKE) of the ambient was kRJA = 4.4 cm2s−2.10 The experi-186

mental parameters are provided in Table I. For more details187

on the RJA setup and the jet apparatus, the reader is referred188

to Khorsandi et al.,10 Perez-Alvarado,11 and Lavertu et al.36
189

At this point, it is worth mentioning the range of ratios, of190

the HIT to the jet, of the length scales (L ) and the turbulence191

intensities (ξ ). The relative length scale is approximated by192

L = LRJA/bφ ,1/2, (1)

where LRJA is the integral length scale of the HIT ambient at193

y/M = 7.3 and bφ ,1/2 is the concentration half-width of the jet194

in the quiescent background (Sec. IV). In the current study,195

LRJA = 11 cm and is estimated using196

LRJA =
∫

∞

0

uRJA(x)uRJA(x+ rex)

u2
rms,RJA

dr, (2)

where uRJA is the axial velocity fluctuation of the RJA turbu-197

lence and rex denotes some displacement lag r in the direction198

of the x-coordinate unit vector.10 The relative turbulence in-199

tensity is defined as200

ξ = urms,RJA/urms, jet , (3)

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. ▽, x/d = 20; ◦, x/d =

30, △, x/d = 40; �, x/d = 50; ⊲, x/d = 60.

where the velocity information is taken from the study of201

Khorsandi et al.10 The two selected jet Reynolds numbers al-202

lowed us to study the jet behavior above and below the tran-203

sition Reynolds number, i.e., Re = 104.37 Also, it granted a204

wide range of relative turbulence intensity (0.16 < ξ < 0.73)205

and relative length scale (2.2 < L < 6.3) ratios between the206

HIT ambient and the jet (Table I). Figure 2 depicts the vari-207

ation of L versus ξ at each downstream location for the two208

jets. The ratios of length scale and turbulence intensity be-209

tween the HIT ambient and jet approach unity (L from larger210

values and ξ from smaller values) as the jet develops down-211

stream, increasingly disrupting the jet structure.9212

C. PLIF apparatus213

The PLIF method was employed to obtain the concentra-214

tion field of a passive scalar in the jet in orthogonal cross-215

sections. A small quantity of fluorescent dye (disodium flu-216

orescein, Sc = 2000) was mixed into the jet water supply. A217

continuous mode 1 W argon-ion laser (Coherent, Innova 90)218

was used to illuminate the flow cross-section with an excita-219

tion wavelength of 514.5 nm. The laser beam was directed220

into a laser scanning device consisting of (i) a 12.7 mm di-221

electric mirror (Newport 5151), (ii) a focusing lens with a222

1.5 m focal length plano-convex lens (PLCX-25.4-772.6-C),223

and (iii) a high-speed rotating mirror (Lincoln Laser Company224

DT-08-236-019). The 8-sided polygonal rotating mirror ro-225

tated at 12000 rpm generating a laser sheet with 1600 scans226

per second of the laser beam over the measurement area. The227

use of a high speed rotating mirror to generate the light sheet228

and low dye concentrations, minimized potential sources of229

PLIF errors, such as photobleaching, thermal blooming and230

attenuation.11,38
231

Instantaneous fluorescence signals were recorded using a232

12 bit CMOS camera (pco.dimax). The camera had a reso-233

lution of 2016 × 2016 pixels, and the acquisition frequency234

was set to 30 Hz. The incident light first reached a 50 mm235

diameter 550 nm longpass color filter (ThorLabs FGL550) at-236

tached to the camera lens (Pentax 50mm f/1.4) to filter any237

scattered laser light, and therefore transmitting only the fluo-238

rescence signal through the camera lens. An image intensifier239

(Video Scope VS4-1845) was placed between the camera and240

the camera lens to increase the light sensitivity of the system.241

The coupling of the intensifier and the camera reduced the242

size of the detection area to a central circle with 1601 pixel243

diameter, covering a circular field of view (FOV) with a di-244

ameter of about 64 cm. The rather large FOV was necessary245

to capture the complete orthogonal spatial extent of the jet246

subjected to the HIT ambient at large downstream distances.247

The spatial resolution of the PLIF experiments was about 0.4248
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Turbulent jet in HIT ambient 4

TABLE I. Experimental parameters. Note that Re =U0d/ν , and Reλ ,RJA =
(√

150kRJA LRJA/ν
)1/2

. Here L5800 and ξ5800 denote the length

scale and turbulence intensity ratios of HIT to Re = 5800 jet at the five cross-sections, respectively. Similarly, L10600 and ξ10600 are defined

for Re = 10600 jet.

Jet Reynolds number Re 5800, 10600

Schmidt number Sc 2000

Jet exit velocity U0 0.682, 1.245 m s−1

Jet exit inner diameter d 8.51 mm

Lateral jet position to RJA y/M (M = 15 cm) 7.3

Ambient TKE (at y/M = 7.3) kRJA 4.4 cm2s−2

Ambient length scale (at y/M = 7.3) LRJA 11 cm

Ambient turbulent Reynolds number Reλ ,RJA 168

RJA operating algorithm (µon,σon), (µo f f ,σo f f ) (12, 4) s, (108, 36) s

Axial position of cross-sections x/d 20, 30, 40, 50, 60

Length scale ratio L5800 5.8, 4.1, 2.9, 2.5, 2.2

L10600 6.3, 4.5, 3.1, 2.5, 2.2

Turbulence intensity ratio ξ5800 0.29, 0.39, 0.52, 0.58, 0.73

ξ10600 0.16, 0.21, 0.31, 0.34, 0.43

PLIF spatial resolution - 4.7η −1.4η , 7.3η −2.2η
Field of view FOV 64 cm × 64 cm

Sampling frequency - 30 Hz

mm × 0.4 mm per pixel (Table I). This resolution corre-249

sponds to 1.4η −4.7η for Re = 5800 and 2.2η −7.3η for Re250

= 10600, where η =
(
ν3/ε

)1/4
is the centerline Kolmogorov251

length scale for the quiescent background case. It is worth252

noting that the Batchelor microscale is the appropriate length253

scale for resolving the scalar field at high-Sc flows, which254

was not attained in the present experimental setup. How-255

ever, resolution comparable to η has been shown to be suf-256

ficient to capture the mean and rms concentration profiles.39
257

The lowest resolution occurs at the closest downstream dis-258

tance (x/d = 20) since the turbulent length scales, including259

η , increase as the jet develops.40 ν and ε denote the kine-260

matic viscosity (10−6 m2 s−1 for water) and mean centerline261

dissipation rate, respectively. The latter is calculated using262

the empirical relation of Friehe, van Atta, and Gibson,41
263

ε = 48
U3

0

d

(
x− x0

d

)−4

, (4)

where U0 and x0 denote the nozzle exit velocity and the virtual264

origin (see Sec. IV), respectively. It should be noted that265

the estimated values of ε (and therefore η) are only used to266

calculate the PLIF pixel spacing at each measurement station267

(Table I).268

Although the laser power was constant during the exper-269

iments, the laser intensity, defined as the ratio of the laser270

power to the cross-section of the laser sheet, decayed with the271

laser sheet expansion (angle of expansion of 45◦). Further-272

more, the image intensifier caused higher light sensitivity in273

the central region of the image as compared to the edges. The274

images were, therefore, calibrated pixel by pixel to convert275

the light intensity levels to dye concentration values. Over276

a large range, the relationship between the dye concentration277

and the emitted light intensity is nonlinear;42 however, at low278

concentration levels (as is in the present PLIF experiments),279

the intensity-concentration relationship is linear. Therefore, a280

linear curve can be fitted such that φ = AI +B, where I is the281

light intensity value of the pixel, A and B are the calibration282

coefficients extracted from the calibration test, and φ denotes283

the concentration value. Details of the calibration and PLIF284

tests can be found in Perez-Alvarado.11
285

PLIF is prone to measurement errors, including attenua-286

tion, photobleaching, trapping, thermal blooming and iner-287

tial effects. Attenuation of the laser beam occurs when (a288

part of) the laser energy is absorbed by the fluorescent dye289

when the laser beam crosses through non-negligible volumes290

of dyed fluid before it reaches the measurement location. Pho-291

tobleaching is the reduction in fluorescence intensity due to292

constant laser irradiation. Trapping occurs if the emitted fluo-293

rescence light at the measurement section is absorbed by dye294

at some other location, e.g. at the space between the laser295

sheet and the camera. Thermal blooming describes the con-296

dition in which the laser beam diverges due to fluid density297

variation because of heating of the dyed medium by the laser.298

Variation in fluid temperature and/or density would also cause299

buoyancy and inertial effects.300

A series of tests were conducted by Lavertu38 and Perez-301

Alvarado11 on a similar experimental apparatus (the latter302

having the same PLIF setup) to evaluate and minimize the303

above errors using technical and theoretical measures. Ac-304

cording to Perez-Alvarado11, the maximum attenuation of the305

laser beam for a 10 cm spanwise shift of the dyed fluid (for306

concentrations within the calibrated range) towards the beam307

source was less than one percent. Estimating the attenua-308

tion across the jet profile results in an error of less than 1%309

(this is due to the very low concentrations of dye used in ex-310

periments). Photobleaching and thermal blooming were re-311

duced to negligible values by using a high-rev rotating mirror,312
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Turbulent jet in HIT ambient 5

at which the residence time of a single beam in the volume313

covered by each camera pixel was approximately 2 µs, while314

200 µs was required for the fluorescence signal to reduce by315

2% due to constant irradiation of the dyed fluid.38 It should316

be noted that Lavertu38 used punctual LIF, which is subject317

to much higher possibility of constant irradiation of the dyed318

fluid compared to the present PLIF measurements. Trapping319

of the laser light was shown to be less than one percent for the320

calibrated range of the concentration values.11 Furthermore,321

the inertial effects were negligible during the experiments be-322

cause of the use of very low concentrations of disodium fluo-323

rescein (maximum 7.66 × 10−7 molL−1) having a molecular324

mass of 376.3 gmol−1, which introduces a density variation of325

less than 2.8 × 10−5 % between the jet fluid and the ambient326

water. Therefore, common errors in the PLIF measurements327

are minimal in the present study.328

III. DATA PROCESSING329

The passive scalar field of the two jets with Re = 10600 and330

5800 issuing into the turbulent ambient are compared to those331

in a quiescent ambient. The PLIF images were obtained at332

axial distances of x/d = 20, 30, 40, 50, and 60. In order to333

achieve first- and second-order scalar concentration conver-334

gence at these axial positions in the quiescent ambient case,335

data sets over a period of 27 s, 45 s, 63 s, 81 s, and 100 s336

resulting in a total of 789, 1315, 1841, 2367, and 2893 PLIF337

images were obtained, respectively. While in the HIT ambi-338

ent case, five sets of PLIF experiments, each obtained for 170339

seconds containing 4997 images, were taken for each axial340

position. Custom MATLAB codes were employed to obtain341

scalar concentration statistics of the jet cross-section in the342

turbulent and the quiescent ambient cases.343

Instantaneous images of the jet cross-section show greater344

irregularity when the jet is released into a turbulent ambient.345

The jet is also displaced laterally by the large eddies of the346

ambient turbulence (see Fig. 1c). The isocontours of the joint347

probability density function (JPDF) of the position of the jet348

centroid for the jet in the HIT ambient for Re = 10600 and349

5800 jets are presented in Fig. 3. The mean radius of the jet in350

the quiescent ambient is approximately r/x =
√

y2 + z2/x =351

0.2 centered at zero (not shown for brevity). The jet centroid352

in the HIT ambient is displaced over an area greater than that353

occupied by the jet in the quiescent ambient.354

The standard deviation of the position of the jet centroid355

in the quiescent and HIT ambient is depicted against the ax-356

ial position in Fig. 4. In the quiescent ambient, the standard357

deviations range between 0.004 < σ/x < 0.010 and 0.005 <358

σ/x < 0.011 for the Re = 10600 and Re = 5800 jets, respec-359

tively, while in the turbulent ambient, the standard deviations360

increase to 0.11 < σ/x < 0.15 and 0.17 < σ/x < 0.22 for the361

Re = 10600 and Re = 5800 jets, respectively. Therefore, in362

the quiescent ambient, the jet is almost always centered on the363

jet axis, while in the turbulent ambient, the position of the jet364

centroid varies significantly, which is more noticeable in the365

low-Re jet (higher ξ ). Large standard deviations of the posi-366

tion of the jet centroid indicate a meandering path of the jet in367

the turbulent ambient (schematic view in Fig. 5), while the jet368

path in the quiescent ambient is almost a straight line. The me-369

andering path of the jet is due to lateral advection of the jet by370

the large ambient eddies, and is more noticeable closer to the371

jet exit, where L ≫ 1. As the jet grows in the downstream di-372

rection, the relative length scale between the ambient and the373

jet decreases, and hence the large eddies of the HIT ambient374

are less able to advect the jet. This is evident in the gener-375

ally decreasing standard deviation of the jet centroid position376

with the axial distance in Fig. 4. Particularly, beyond x/d = 40377

for both jets where L ≈ 3.0, the role of the large-scale am-378

bient eddies on the jet motion is less dominant. However, at379

x/d = 20 of Re = 10600 jet, the standard deviation has a local380

minimum due to the strong structure of the jet that resists the381

external forcing advecting the jet path. Similar meandering382

due to the turbulence in the ambient was observed in wakes.22
383

It should be noted that in the present study, the only appar-384

ent role of the relative length scale (L ) on the jet behavior385

in the HIT ambient is to cause the jet path to meander, which386

is effectively removed in the centroidal analysis of the data.387

Therefore, in the following sections only the effect of the tur-388

bulence intensity ratio on the jet behavior in HIT ambient is389

discussed.390

The time averaged characteristics of the jet are obtained391

from Eulerian averages and centroidal averages of the instan-392

taneous images. The Eulerian average provides the ensemble393

averaged concentration at a particular location (geometric po-394

sition) relative to the jet axis, which includes the composite ef-395

fects of the large- and small-scales of the ambient turbulence396

on the jet at a particular location in space. The second ap-397

proach, by being conditioned on the centroid of the jet cross-398

section, excludes the effect of the larger scales translating the399

jet laterally, and includes primarily the influence of the smaller400

scales of the ambient turbulence, which modify the internal jet401

structure and dynamics.9,24 However, it should be noted that402

at high levels of turbulence intensity, the effect of the large403

scale eddies are not fully removed due to the meandering of404

the jet resulting in a discontinuity in the jet structure. The405

analyses are carried out on a profile equidistant from the RJA406

plane, passing through the centerline or the centroid, which is407

subjected to an approximately constant level of ambient turbu-408

lence at any given downstream position. A similar approach409

was previously adopted in axisymmetric43 and line44 plumes410

in order to eliminate the effect of large-scale meandering by411

considering the flow characteristics in the plume coordinates,412

i.e., following the instantaneous turbulent/non-turbulent inter-413

face (TNTI) of the plume. It is worth noting that the centroidal414

origin (r = 0) in the current study is positioned on the mass415

center of the bulk of the flow within the FOV, whereas the416

origin of the plume coordinates in the aforementioned studies417

is the middle point of the left and right TNTI at each down-418

stream distance. We note that although the FOV is fairly large,419

the calculation of the centroid position is affected to a small420

extent by the amount of dye going out of the FOV due to me-421

andering of the jet path. A sensitivity analysis is carried out in422

Appendix A to quantify the dependence of the mean centroid423

location on scalar concentrations above a range of thresholds.424
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Turbulent jet in HIT ambient 6

(a)(b)(c)

(d)(e)

(f)(g)(h)

(i)(j)

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.

FIG. 4. Standard deviation of the jet centroid with the axial distance

in the quiescent and in the turbulent ambient. Symbols: ◦, Re =

10600 quiescent; • Re = 10600 HIT; ▽, Re = 5800 quiescent; H, Re

= 5800 HIT.

FIG. 5. Schematic of the jet structure in the ambient turbulence,

showing the jet axis (dotted line), and the jet centroid (dashed line).

Large scale eddies of the HIT ambient cause the jet to meander.

IV. MEASUREMENT VALIDATION425

Measurements of the scalar field of the jet in a quiescent426

ambient show a self-similar behavior in the mean and rms con-427

centration profiles,45 similar to those in the velocity field (e.g.428

see Hussein et al.46). The scalar concentration measurements429

of the jet issued into a quiescent ambient of the current work430

are validated by a comparison to those reported in the litera-431

ture using different experimental methods: Mie scattering,47
432

Rayleigh scattering,48 PLIF,49–52 and by direct numerical sim-433

ulation (DNS) of a turbulent jet.53
434

The downstream evolution of the mean centerline concen-435

tration, φc, normalized by the jet exit concentration, φ0, for436

the jet in a quiescent ambient is shown in Fig. 6(a). Along the437

jet centerline, φc varies inversely with the downstream dis-438

tance as φc = κφ0(
x−x0

d
)−1, where κ is the decay constant,439

and the position of the virtual origin, x0, is 2.4d in the present440

work. The current work shows a power law decay of x−1 as441

predicted theoretically and previously observed.48,49,53,54 The442

decay constant, κ , depends slightly on Reynolds number and443

on the initial conditions,55 and its value here (κ = 5.4) lies444

within the reported range of 4.48 < κ < 5.59 in Dowling and445

Dimotakis.48 A comprehensive review of the asymptotic be-446

havior of κ is presented in Table 1 of Mi et al.55
447

The downstream evolution of the concentration half-width,448

bφ ,1/2, defined as the radial position at which the concen-449

tration reduces to half of its centerline value, is shown in450

Fig. 6(b). In a quiescent ambient in the self-similar region451

of the jet, bφ ,1/2 is a linear function of the downstream dis-452

tance, bφ ,1/2(x) = S(x − x0), where S is the spreading rate453

of the scalar field in the jet. Experimental data show that454

S is independent of Reynolds number, and varies between455

0.101 < S < 0.156.45 In the present work, S is about 0.112.456

The radial profiles of the mean concentration normalized457

by their respective centerline value are shown in Fig. 7(a).458

The analytical solution for the mean concentration profile of459

a round jet is given by φ/φc = {1+ a(r/x)2}−2, where a is460

a constant, a = (
√

2 − 1)/S2.54 The analytical solution and461

a Gaussian fit to the experimental data are also shown in462

Fig. 7(a). The profiles at x/d = 20 and 40 show a good463

agreement with the previous experimental results,48,51 a DNS464

study,53 and the Gaussian fit. The profiles at x/d = 30, 50, and465

60 also show a good agreement and are not included here for466

brevity. It is noted that the analytical solution overestimates467

the concentration values near the edges of the jet54 as a con-468

stant turbulent diffusivity is assumed across the flow, while it469

is, in fact, lower near the edges due to external intermittency.470

The radial profiles of rms concentration fluctuations nor-471

malized by their respective centerline values at x/d = 20 and472

40, are also shown in Fig. 7(b). The profiles are self-similar473

and behave similarly to those reported in the literature.47,48
474

The rms profiles at x/d = 30, 50, and 60 also show a good475

agreement.476

V. RESULTS AND DISCUSSION477

The effect of the ambient turbulence on the jet character-478

istics is determined by the relative magnitudes of the turbu-479

lence intensity, ξ , and the integral length scales, L , between480

the the HIT ambient and the jet.8,9 While in the present study481

L > 1 and ξ < 1 at all measurement stations (see Table I),482

they both approach unity at the furthest downstream locations483

and become O(1). This is the condition at which the ambient484

turbulence affects the jet structure and changes the entrain-485

ment process and the subsequent scalar mixing. Note that it486

is mainly the intense smaller eddies of the ambient that alter487

the jet structure, while the larger eddies serve to advect the488

jet, resulting in a meandering path.9 Also, it should be noted489

that once L and ξ become O(1), the effect of ξ has a domi-490

nant effect on the jet behavior, causing the jet to break up at a491

critical axial distance. For example, Kankanwadi & Buxton22
492

recently showed the predominance of ξ as compared to L in493

the context of entrainment into a cylinder wake in a homoge-494

neous turbulent ambient. Therefore, the following discussion495

of the results covers only the effect of ξ on the jet behavior in496

HIT ambient (note that the role of L is to cause the jet path497

to meander, and its effect has been essentially removed in the498
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Turbulent jet in HIT ambient 7

(a)(b)

FIG. 6. Downstream evolution of the (a) mean centerline concentration, and (b) concentration half-width of an axisymmetric jet at Re = 5800

issued into a quiescent ambient.

(a)(b)

FIG. 7. Radial profiles of (a) 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.)499

The growth, structure and statistics of the passive scalar500

field of an axisymmetric turbulent jet issuing into a turbu-501

lent ambient are presented and compared to those of the jet502

in a quiescent ambient. The TKE of the ambient turbulence503

is kRJA = 4.44 cm2s−2, and the jet Reynolds numbers are Re504

= 10600 and 5800. Five orthogonal cross-sections in the self-505

similar zone of the jet in a quiescent ambient have been stud-506

ied (x/d = [20, 30, 40, 50, 60]). Variation of ξ and L for507

each downstream location of the two jets results in ten differ-508

ent case studies, as depicted in Fig. 2. To present the results,509

first, the evolution and structure of the jet will be discussed510

in terms of the mean concentration, the concentration half-511

width, and the rms concentration. Then, the self-similarity512

of the scalar field will be studied. Finally, statistics of the513

scalar mixing will be presented using the intermittency factor,514

probability density functions (PDFs) and the cumulative dis-515

tribution functions (CDFs) of the centerline concentration. It516

should be noted that the variation between the centroidal and517

the Eulerian analyses in the quiescent ambient was negligible518

for the mean profiles (less than 1%), and was less than 4% and519

7% for the PDFs and the rms profiles, respectively. Therefore,520

in the following figures, only the centroidal analysis of the jet521

in a quiescent ambient is provided.522

A. Evolution and structure of the jet523

The turbulent jet issuing into HIT ambient is subject to an524

increasing impact from the intensity of the ambient turbulence525

(i.e. increasing ξ ) and a decreasing impact from the length526

scale of the ambient turbulence (i.e. decreasing L ) as its527

own turbulence intensity decreases and length scale increases,528

while those of the ambient turbulence are constant with down-529

stream distance. In ambient turbulence, jet entrainment is re-530

duced as the jet flow is progressively disrupted. Two regions531

of behavior of the jet are identified, based on the jet statistics532

conditioned on the jet centroid, which allow the jet structure533

to be assessed. The regions reflect the increasing impact of534

the ambient turbulence intensity and are characterized by 1) a535

perturbed jet structure, downstream of the developing jet re-536

gion, and, further downstream, 2) a destroyed jet structure.537

The relative lengths of these regions depends on the relative538

turbulence intensity between the ambient and the jet. In this539

study, region 1 is observed in the Re = 10600 jet, while re-540

gions 1 and 2 are observed in the Re = 5800 jet, for x/d = 20541

to 60.542

The downstream evolution of the mean jet centerline con-543

centration (φc/φ0) of the jet issuing into a turbulent ambient544

results in lower concentrations and a faster decay as compared545

to the jet in a quiescent ambient. Hereafter, φc denotes the546

mean concentration of the geometric centerline (i.e. jet axis)547

in the Eulerian averaging method, while it represents the en-548

semble average of the instantaneous centroid scalar concentra-549

tion values in the centroidal averaging procedure. The concen-550

tration decay initially follows a power-law for both the cen-551

troidal and Eulerian averages of the jet in a turbulent ambient,552

as shown in Fig. 8. The decay exponents are, φc/φ0 ∝ x−1.1
553

for both jets for the centroidal average and φc/φ0 ∝ x−1.6 and554

x−2 for Re = 10600 and 5800 jets, respectively for the Eulerian555

average. The uncertainty in the measurements is three orders556

of magnitude smaller than the mean values due either to the557

low variance (in quiescent ambient) or due to the high num-558

ber of samples (in HIT ambient). The power-law region is the559

perturbed jet region in the two-region jet model. The effect560

of the ambient turbulence is greater at larger values of rela-561

tive turbulence intensity (ξ ), which is inversely proportional562

to Re, i.e. ξ5800 > ξ10600 at each downstream distance. This563

is evident in the relative lengths of the power-law regions of564

the jets, which is up to x/d = 60 for Re = 10600 (the jet was565

observed to break up at x/d = 70 for the Eulerian average in566

Pérez-Alvarado11), while in the Re = 5800 jet, it is only valid567

up to x/d = 40, beyond which the concentration decay acceler-568

ates, and where it is later shown that the jet structure has been569

destroyed. The Eulerian averaging shows a faster concentra-570

tion decay as compared to the centroidal averaging because571

the effect of the jet meandering, causing low concentrations572

to appear at the geometric axis, is included in the Eulerian av-573

erage. The power-law region of the jet (i.e. first region) starts574

following the developing region of the jet. If the power-law575

behavior of the jet is extrapolated backwards, it predicts that576

φ c/φ0 = 1 at x/d ≈ 7 and 6 for the centroidal analysis of the577

Re = 10600 jet in a quiescent and HIT ambient, respectively.578

Similarly, x/d ≈ 7 and 2 is predicted for the Re = 5800 jet.579

This suggests that the length of the developing region of the580

jet is reduced in the HIT ambient, but this requires further ex-581

periments for verification. It appears that although both jet582

Reynolds numbers are affected, the effect is greater for the583

jet with higher relative turbulence intensity (i.e. Re = 5800).584

Similarly, the length of the recirculating region of a wake is585

reduced in an isotropic turbulent ambient.18,56 Table II pro-586

vides the decay exponents for the mean centerline concentra-587

tion in the power-law regions of the Re = 10600 and 5800 jets588

(as well as those for the concentration half-width and the rms589

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3



Turbulent jet in HIT ambient 8

(a)(b)

FIG. 8. The effect of ambient turbulence on the downstream evolution of the mean centerline concentration. (a) Re = 10600, and (b) Re =

5800. Symbols: ◦, quiescent ambient; � centroidal, and ▽ 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 φc/φ0 bφ ,1/2/d φrms,c/φ0 φc/φ0 bφ ,1/2/d φrms,c/φ0

Quiescent Centroidal x−1 x1 x−0.7 x−1 x1 x−0.7

Turbulent
Centroidal x−1.1 x1.1 x−0.94 x−1.1

(x/d 6 40) x1.1
(x/d 6 40) x−0.92

(x/d 6 40)

Eulerian x−1.6 x1.2 x−0.73 x−2
(x/d 6 40) x1.5

(x/d 6 40) x−0.83
(x/d 6 40)

concentration, discussed below).590

The mean scalar concentration profiles of the Re = 10600591

and Re = 5800 jets issuing into a quiescent and into a turbulent592

ambient are close to Gaussian in shape, as shown in Fig. 9. As593

observed for the centerline concentrations, turbulence in the594

ambient results in faster concentration decay leading to lower595

concentrations in the profiles, except in the tails, i.e. |r/x| >596

0.2 (for all tails but those of x/d > 40 for Re = 5800 jet).597

The higher concentrations in the tails are due to the greater598

width of the profile in the HIT ambient, and, for the Eulerian599

average, the inclusion of the jet meandering. In the HIT ambi-600

ent, the centroidal average concentration profiles for both jet601

Reynolds numbers are lower and slightly wider than those of602

the quiescent ambient for the perturbed jet region (x/d = 20 to603

60 for the Re = 10600 jet and x/d = 20 to 40 for the Re = 5800604

jet, for which all ξ < 0.5). For the Re = 5800 jet, beyond x/d605

= 40 (where ξ > 0.5), the profiles narrow indicating a greatly606

reduced entrainment and, therefore, the destruction of the jet607

structure. The Eulerian average profiles are generally lower608

than those of the centroidal average due to the inclusion of the609

jet meandering. However, the maximums of the Eulerian pro-610

files for Re = 10600 up to x/d = 30 and for Re = 5800 at x/d611

= 20 are higher than those of the centroidal profiles because,612

although the extent of the jet boundary is relatively stationary,613

the position of passive scalar centroid is affected by the am-614

bient turbulence. The Eulerian average observations of mean615

centerline concentration confirm those of Pérez-Alvarado.11
616

The concentration half-width, bφ ,1/2, is a characteristic617

length scale of the scalar field, and its downstream evolution618

is shown in Fig. 10. In the quiescent ambient, the concen-619

tration half-width grows linearly with the axial distance, x, as620

predicted by dimensional analysis. In the turbulent ambient,621

the half-width is greater than in the quiescent ambient and its622

rate of growth is faster (bφ ,1/2 ∝ x1.1) for both jet Reynolds623

numbers in the perturbed jet region for the centroidal average.624

The width growth ceases for x/d > 40 for the Re = 5800 jet625

indicating that the time-averaged entrainment into the jet has626

stopped (as discussed below), which implies that the jet struc-627

ture has been destroyed, meeting the criteria of jet break-up.628

Jet break-up is, therefore, identified to occur at x/d > 40 for629

the Re = 5800 jet, and the region beyond it (where ξ > 0.5) is630

the destroyed jet region, which is only subject to turbulent and631

molecular diffusion (the Re = 10600 jet is destroyed at x/d =632

70).11 It is relevant to note that the scalar width of a round633

jet subjected to volumetric heating also ceases to grow upon634

disruption of the large-scale vortical structures of the jet.57,58
635

The Eulerian average data obscure the change in behavior of636

the Re = 5800 jet due to the inclusion of the meandering of the637

jet, which also results in a much higher rate of width growth638

(bφ ,1/2 ∝ x1.2 and bφ ,1/2 ∝ x1.5 for the Re = 10600 and Re =639

5800 jets, respectively). This is consistent with the growth640

rates (from Eulerian average data) of the concentration half-641

width of jets,11 the velocity half-width of momentum-driven10
642

and buoyant jets,12 and of wakes (e.g. see Eames et al.19 and643

Legendre et al.17) in a HIT ambient.644

The effect of the HIT ambient on the entrainment into the645

jet can be deduced from the integral volume flux, Q, momen-646

tum flux, M, and scalar flux, F , defined as647

Q ≡ 2π

∫
∞

0
ur dr, M ≡ 2π

∫
∞

0
u2r dr, F ≡ 2π

∫
∞

0
uφr dr,

(5)

where u is the mean streamwise velocity of the jet. The en-648

trainment hypothesis1 states that the entrainment into a jet in649

a quiescent ambient is a function of the entrainment velocity,650

Ev, which is proportional to a characteristic jet velocity, usu-651

ally the mean axial velocity, i.e. Ev ∝ uc. With continuous652

entrainment of the ambient fluid at the jet interface, the mass653

flow rate of the jet (m = 2πρ
∫

∞

0 ur dr) increases linearly with654

downstream distance. In the HIT ambient, it is expected that655

the mass flow rate of the jet is decreased due to lower mean ax-656

ial velocities compared to the quiescent ambient.10 Also, one657

can expect that the mass flow rate of the jet does not increase658

beyond the jet break-up, because the mean axial velocity be-659

comes negligible. A reduction in mass flow rate in the HIT660

ambient is observed for the Re = 10600 jet,10 whose rate of661

increase decreases by x/d = 70−80. A second-order integral662

model has also been proposed predicting a reduced volume663

flux (Q = m/ρ) in the HIT ambient that reaches a plateau at664

a critical downstream distance.12 A lower mass flow rate (and665

lower volume flux) of the jet in the HIT ambient indicates a666

lower entrainment into the jet compared to the quiescent am-667

bient. The asymptotic behavior of m/m0 and Q/Q0 (m0 and668

Q0 denoting the jet exit mass flow rate and volume flux, re-669

spectively) indicates the cessation of the entrainment into the670

jet beyond the jet break-up.10,12
671
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Turbulent jet in HIT ambient 9

(a)(b)(c)

(d)(e)

(f)(g)(h)

(i)(j)

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: ◦, quiescent ambient; � centroidal, and ▽ Eulerian averaging in HIT ambient. Dashed

magenta curves are Gaussian fit to the profiles.

(a)(b)

FIG. 10. The effect of the ambient turbulence on the downstream evolution of the concentration half-width. (a) Re = 10600, and (b) Re = 5800.

Symbols: ◦, quiescent ambient; � centroidal, and ▽ 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 region.

FIG. 11. The effect of the ambient turbulence on the downstream

evolution the mean scalar flux of the jet. Symbols: ◦, Re = 10600

quiescent; • Re = 10600 HIT; �, Re = 5800 quiescent; �, Re = 5800

HIT. Dashed lines are power-law fits to the data. Solid lines show the

prediction by Lai et al.’s12 exponential model for the scalar flux of

the jet in the HIT ambient.

Furthermore, the mean momentum flux and the mean scalar672

flux are indicators of the jet entrainment. For the jet in a quies-673

cent ambient, both M/M0 and F/F0 are conserved (M/M0 ≈674

1,F/F0 ≈ 1) and the mean momentum flux and the mean675

scalar flux contribute almost 90% and 92% of the jet exit mo-676

mentum, M0, and the jet exit scalar flux, F0, respectively.16,46
677

For the jet in a turbulent ambient, however, M/M0 and F/F0678

are less than one and increasingly so with the downstream679

distance11 as the contribution of the mean fluxes decreases680

due to the increasing effect of the disruption of the jet struc-681

ture (Fig. 11), while the second-order fluxes become more682

important.10–12 Lai et al.12 argued that the conservation of683

the total momentum of the jet in the HIT ambient can be684

demonstrated only if the second-order momentum flux is in-685

cluded. The scalar flux is calculated using the present con-686

centration data and the velocity data from Khorsandi et al.10
687

It is noted as only the spatially-averaged velocity data (up to688

x/d = 50) were available, the spatially-averaged concentra-689

tions were used to calculate the scalar flux. The mean momen-690

tum flux11 and the mean scalar flux (Fig. 11) are lower for the691

Re= 5800 jet and decrease faster compared to the Re= 10600692

jet in the HIT ambient. This reflects the larger ratio of the tur-693

bulence intensity of the HIT to the jet, ξ , for the Re = 5800 jet694

at any given downstream position. Both M/M0 and F/F0 are695

approaching zero by ξ = 0.58 (i.e. x/d = 50 for the Re= 5800696

jet), which is found within the destroyed jet region. Lai et697

al.’s exponential model12 has also been used to reproduce the698

scalar flux of the current jet in the HIT ambient in Fig. 11,699

which shows good agreement with the experimental data.700

In the second region of the jet in the HIT ambient (ξ >701

0.5) the centroidal scalar half-width stops growing (Fig. 10b,702

x/d > 40 for the Re = 5800 jet), which indicates the cessa-703

tion of the entrainment into the jet. To further investigate the704

entrainment in the second region, we have defined the top-hat705

width, bm, and velocity, um, of the jet706

bm ≡ Q√
M
, um ≡ M

Q
. (6)

The rate of change of the volume flux in the streamwise direc-707

tion is evaluated as,708

dQ

dx
= b2

m

∂um

∂x
︸ ︷︷ ︸

Q−<0

+2bmum

∂bm

∂x
︸ ︷︷ ︸

Q+>0

. (7)

For a jet in quiescent background, Q+ = 2|Q−| due to the con-709

servation of momentum, meaning that the jet is entraining am-710

bient fluid on average. In a HIT ambient, however, the lack of711

growth of the centroidal scalar half-width in the second region712

(Fig. 10b, Re = 5800 jet) implies that the rate of increase of713

the integral jet width with downstream distance is zero. This714

leads to the second term of the right hand side of Eq. 7 to be715

zero, and, thus,716

dQ

dx
≈ b2

m

∂um

∂x
6 0, (8)

since the characteristic velocity is decaying.10 Therefore, the717

change in the integral volume flux with distance, which is in-718

terpreted as the time-averaged entrainment rate, has ceased in719

the second region. A similar claim can be made for the inte-720

gral momentum flux in this region, that is,721

dM

dx
≈ 2umb2

m

∂um

∂x
6 0, (9)

meaning that the mean momentum flux, M, has no means of722

increasing. According to Morton, Taylor, and Turner,1 the723

lack of global entrainment in the second region implies the724

absence of a mean velocity to drive the entrainment process,725

and this in turn demonstrates that a jet no longer exists beyond726

ξ > 0.5.727
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Turbulent jet in HIT ambient 10

(a)(b)

FIG. 12. The effect of ambient turbulence on the downstream evolution of the centerline rms concentration. (a) Re = 10600, and (b) Re =

5800. Symbols: ◦, quiescent ambient; � centroidal, and ▽ Eulerian averaging in HIT ambient. Figures are in log-log coordinates.

Higher rms concentration values, φrms, occur in the jet in the728

turbulent ambient as compared to the quiescent ambient, as729

shown in Fig. 12. Previously, Pal & Sarkar21 also reported an730

increased turbulence level (or equivalently an increased turbu-731

lent kinetic energy) in towed wakes subjected to isotropic tur-732

bulence, due to entrainment of background fluctuations. The733

rate of decay of the rms centreline concentration in the turbu-734

lent ambient of the centroidal average data is more rapid (at735

a rate of φrms,c ∝ x−0.94 and x−0.92 for the Re = 10600 and736

5800 jets, respectively) than that in the quiescent ambient (at737

a rate of φrms,c ∝ x−0.7). Due to the inclusion of the jet mean-738

dering in addition to the changes in rms concentration in the739

jet, the rms of the Eulerian average data is higher than that740

of the centroidal average data and has a slower rate of decay741

(at φrms,c ∝ x−0.73 and x−0.83 for the Re = 10600 and 5800742

jets, respectively). Note that once the jet is destroyed (be-743

yond x/d = 40 in the Re = 5800 jet), the rate of decay of the744

Eulerian average is more rapid than in the power-law region745

(perturbed jet region), as there is no longer a contribution to746

the scalar fluctuations from the jet structure, but only from the747

advection of the scalar by the HIT ambient.748

The rms concentration profiles are shown in Fig. 13. The749

double peaked shape of the rms profiles in the quiescent am-750

bient show the location of the shear layer between the jet flow751

and the ambient. The shear layer in the jet is preserved but752

weakening in the turbulent ambient for the Re = 10600 jet as753

shown by the double peaked centroidal average profiles with754

maximum φrms at r/x ≈ ± 0.1, similarly to the jet in a quies-755

cent ambient. By x/d = 60, the maximum rms concentration756

is observed at the centreline, implying a change in the small-757

scale structure of the jet, while the first order statistic of mean758

concentration is still in the power-law region. For the Re =759

5800 jet, on which the ambient turbulence has a greater im-760

pact, i.e. ξ5800 > ξ10600, the shape of the profiles at x/d =761

20 is two-stepped, with the first step at r/x ≈ ± 0.2 corre-762

sponding to the center of the shear layer between the jet and763

the ambient, while the second step at r/x ≈ ± 0.4 may be764

an indication of the effect of the ambient eddies modulating765

the jet/ambient interface. By x/d = 30, the first step is still766

visible and demonstrates the relatively strong jet structure de-767

spite the impact of the ambient turbulence. The width of the768

profile starts to decrease from x/d = 40, reducing to that of769

the quiescent case by x/d = 60, again indicating a decaying770

jet structure. The Eulerian averaging obscures the detail of771

the jet structure and the rms concentration profiles are single772

peaked for both jet Reynolds numbers (beyond x/d = 30 for773

the Re = 10600 jet) and become super Gaussian with down-774

stream distance, the effect being stronger in the Re = 5800 jet,775

confirming the results of Pérez-Alvarado.11
776

To summarize, two regions of jet behavior are identified in777

the jet in a HIT ambient. In the first region, the perturbed jet778

region (which is the main focus of this study), the ambient tur-779

bulence disrupts the jet structure due to meandering of the jet780

and entrainment of the turbulent ambient fluid resulting in a781

faster decay of the jet and a lower entrainment rate than in the782

quiescent ambient. This region follows the developing region783

of the jet, and the first- and second-order properties of the784

scalar field show power-law behavior. In the second region,785

the destroyed jet region, the ambient turbulence is compara-786

ble to the jet turbulence (ξ > 0.5), and the jet has been bro-787

ken up and destroyed. Beyond the break-up position, the jet788

momentum-driven mechanism of scalar transport is replaced789

by molecular and turbulent diffusion by the ambient eddies.790

The transition between the two regions is determined by the791

relative turbulence intensity, ξ , and the second (destroyed) re-792

gion occurs for ξ > 0.5.793

The observations of the evolution and structure of the jet794

in the turbulent ambient, conditioning the average data on the795

jet centroid, show that the ambient turbulence serves to re-796

duce the mean concentration, while increasing the rms con-797

centration, and to increase the concentration half-width up to798

the point where the jet structure breaks up. The mean con-799

centration profiles maintain their Gaussian shape for both jet800

Reynolds numbers (up to the limit of observations), despite801

the external forcing. The shear layer between the jet and the802

ambient is found to be well preserved in the perturbed jet re-803

gion before break-up. The rate of decay of the mean concen-804

tration and the growth rate of the concentration half-width are805

the same for both jet Reynolds numbers in the perturbed jet806

region. Beyond jet break-up, identified as where the relative807

turbulence intensity, ξ > 0.5, the mean concentration decays808

more rapidly and the half-width stops increasing. The lack809

of growth of the concentration half-width indicates that the810

jet-driven entrainment is no longer occurring, implying that811

the jet has been destroyed, and only molecular and turbulent812

diffusion is occurring.8 We hypothesize that when accounting813

for the large-scale meandering (i.e. using centroidal averag-814

ing), the evolution of the scalar field in axisymmetric jets is815

universal in the HIT ambient, provided the jet structure is not816

destroyed. Additional data over a broader range of Reynolds817

numbers and downstream distances (i.e. a wider range of ξ818

and L ) would allow us to confirm this conjecture.819

B. Self-similarity and self-preservation820

Self preservation of the velocity field of an axisymmetric821

jet in a quiescent ambient requires that the product of the nor-822

malized mean centerline velocity, uc/U0, and the normalized823

velocity half-width, bu,1/2/d, scales to a constant (e.g. see824

Hussein et al.46). The (first-order) self-preservation also holds825

for the normalized scalar concentration, φc/φ0 and the con-826

centration half-width, bφ ,1/2/d, in a quiescent ambient, that827

is, φc/φ0 ×bφ ,1/2/d ∝ x0. The jet issuing into a turbulent am-828
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Turbulent jet in HIT ambient 11

(a)(b)(c)

(d)(e)

(f)(g)(h)

(i)(j)

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: ◦, quiescent ambient; � centroidal, and ▽ Eulerian averaging in HIT ambient.

(a)(b)

(c)(d)

FIG. 14. Mean concentration profiles normalized by their centerline value. Radial distance is normalized by corresponding characteristic axial

length scale, x̂ = (x− x0)
n/dn−1, 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; ◦, x/d = 30; ▽, x/d = 40; △, x/d = 50; �, x/d = 60.

bient is self-preserving in the power-law region where the jet829

is perturbed by the ambient turbulence (ξ < 0.5 and before jet830

break-up, L = 2.2 - 6.3 for Re = 10600 and L = 2.9 - 5.8 for831

Re = 5800), as φc/φ0 ∝ x−1.1 and bφ ,1/2/d ∝ x1.1 for both jet832

Reynolds numbers (so that φc/φ0 × bφ ,1/2/d ∝ x0), when the833

average is conditional on the jet centroid (see Table II). There-834

fore, in this region, the jet maintains its evolution almost akin835

to the jet in a quiescent ambient, although with lower concen-836

trations and a slightly greater spreading rate, i.e. S = 0.14 and837

S = 0.16 in the HIT ambient for Re = 10600 and Re = 5800838

jets, respectively, as compared to that in a quiescent ambient,839

S = 0.112.840

Support for the self-similarity of the mean scalar field of the841

jet in a turbulent ambient, in the first or perturbed jet region,842

is provided by the collapse onto a single curve of the mean843

concentration profiles (centroidal and Eulerian averages) seen844

in Fig. 14 (for all x/ds for the Re = 10600 jet and up to jet845

break-up at x/d = 40 for the Re = 5800 jet), when the con-846

centration is normalized by the mean centerline concentration,847

φc and the radial distance by the characteristic axial length848

scale,59 x̂ = (x− x0)
n/dn−1, where n is the growth exponent849

of the concentration half-width in the turbulent ambient, see850

Table II. However, the mean scalar concentration is not self-851

similar in the second or destroyed jet region as seen in the852

centroidally averaged data [see Fig.13(c)]. Only the region853

r/x̂ > 0 is shown due to symmetry. In a similar HIT ambi-854

ent generated by the RJA (kRJA = 4.4cm2s−2), the Eulerian855

velocity profiles of Khorsandi et al.10 were reported to reveal856

no self-similarity of the jet flow, unlike the Eulerian concen-857

tration profiles of this study. A recent study of round jets in858

a turbulent coflow with very weak external turbulence (rela-859

tive turbulence intensities of ξ = 0.03 to 0.23 for x/d = 45 to860

105 for the case of low kRJA = 0.04 cm2s−2 and high kRJA =861

0.12 cm2s−2), reported self-similarity in the Eulerian aver-862

aged profiles when L ≈ 1.26 The rms concentration profiles863

of both Reynolds number jets in HIT ambient of the current864

study were not self-similar, reflecting the greater vulnerability865

of higher statistics of the velocity and scalar fields to external866

forcing.867

C. Statistics of the passive scalar mixing868

The statistics of the passive scalar mixing are investigated869

in terms of the intermittency, and the PDFs (and CDFs) of the870

scalar concentration at the jet centreline. The intermittency of871

a jet describes the probability of the jet being present at a given872

location, (allowing the structure of the jet to be deduced), and873

is defined as γ = prob(φ(r,x) > φt), where φt is the scalar874

threshold used to define the jet/ambient interface; that is, the875

turbulent/non-turbulent interface (TNTI) in the quiescent am-876

bient and the turbulent/turbulent interface (TTI) in the turbu-877

lent ambient. The interface between the inner turbulent flow878

and the outer ambient is usually detected by applying a suit-879

able threshold to a flow variable, e.g., enstrophy,60,61 spanwise880

vorticity,62 streamwise velocity,63,64 TKE,65,66 standard devi-881

ation of the velocity67 and velocity fluctuation,68 and scalar882

concentration.39,69 Recently, several machine learning tools883

have also been utilized to detect the TNTI and the TTI.70–72
884

In high Schmidt number flows, momentum diffusivity, ν , is885

much greater than scalar diffusivity, D , resulting in a sharp in-886

terface with a distinct concentration jump, also in a turbulent887

ambient (e.g. see Kankanwadi & Buxton22 for axisymmetric888

wakes in a homogeneous turbulent ambient). Furthermore, the889

interface detected using moderate and high Schmidt passive890

scalars coincides with that of the enstrophy and spanwise vor-891

ticity, and, thus, reliably demarcates the turbulent flow and the892

ambient.73 The threshold value of φt = 0.15φc was selected893

empirically from the range of 0.13φc to 0.17φc, for which the894

TNTI and TTI have only small variations (see Appendix B).895

In a similar experimental flow, φt = 0.13φc was the threshold896

selected for the TNTI outline detection using a conditional897

pixel-averaged concentration method.39
898

In a quiescent ambient, the intermittency profile of the jet899
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(a)(b)(c)

(d)(e)

(f)(g)(h)

(i)(j)

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: ◦, quiescent ambient; � centroidal, and ▽ Eulerian averaging in HIT ambient. The solid orange line

in (d) shows the intermittency profile in Kohan & Gaskin,39 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 φmax, 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 (γ = 1) with a width of |r/x| <900

0.1 and a sharply defined TNTI, whose position varies over901

|r/x|= [0.1 - 0.2], as shown in Fig. 15 for jet Reynolds num-902

bers of Re = 10600 and 5800. The quiescent profile at x/d =903

50 for Re = 10600 jet is in good agreement with a profile cal-904

culated using the cumulative distribution of the TNTI radial905

position.5,39 In the turbulent ambient, before jet break-up, the906

extent of the jet core is very similar to that in the quiescent907

ambient (when the data are centroidal averages), although the908

edge of the core is less distinct (γ reduces gradually to 0.9909

over |r/x| ≈ [0.08 - 0.13]). After jet break-up (x/d > 40 for910

Re = 5800), the remains of the jet core region becomes less co-911

herent, as γ decreases rapidly with downstream distance (γmax912

= 0.9 at x/d = 50, γmax = 0.6 at x/d = 60), indicating de-913

struction of the jet structure as ambient fluid is often found914

in the core region. In the turbulent ambient, the jet interface915

(TTI) position relative to the centroid varies over a greater916

radial distance of |r/x| ≈[0.1 - 0.4] in the power-law region917

(i.e. the perturbed jet region before jet break-up at x/d > 60918

for Re = 10600 and x/d > 40 for Re = 5800 jets). There is919

a low likelihood of interface excursions (increasing slightly920

with axial distance) between |r/x| = [0.4 - 0.6] seen as the921

tails of the intermittency profiles. The greater range of pos-922

sible radial distances of the jet/ambient interface indicates an923

interface that is modulated by the eddies of the ambient turbu-924

lence. The modulation results in a longer and more tortuous925

interface than in the quiescent ambient as seen in the flow vi-926

sualization (Figs. 1 and 16). This increases the surface area927

of the interface over which nibbling can occur, however, as928

entrainment decreases in the turbulent ambient, we can reason929

that the local entrainment velocity is greatly reduced. Local930

entrainment velocity is the normal component of the relative931

velocity between the boundary propagation rate (Eb) and the932

local fluid velocity at the interface, and is often used to quan-933

tify the strength of the nibbling mechanism.74–76 As jet break-934

up approaches, the radial position over which the interface is935

located increases slightly, before decreasing rapidly after jet936

break-up (at x/d = 40 for Re = 5800 the radial position of the937

interface has narrowed to |r/x|= [0 - 0.2]). The intermittency938

profiles obtained with an Eulerian average include the effect939

of the jet meandering, obscuring the evidence of the jet struc-940

ture, shown by the intermittency values of less than one in the941

jet core region and by the triangular shaped profiles.942

Further understanding of the jet dynamics in a HIT ambient943

is obtained from the analysis of the PDFs and corresponding944

CDFs of the jet centerline concentrations. In the quiescent945

ambient, the PDFs of the centerline concentration are almost946

Gaussian with the lowest concentration non-zero and decreas-947

ing with axial distance, as seen in Fig. 17 for the Re = 10600948

and 5800 jets. By comparison, in the power-law region of949

the jet (x/d = 20 - 60 at Re = 10600 and x/d = 20 - 40 at950

Re = 5800), turbulence in the ambient results in a greater oc-951

currence of lower concentrations as expected from the lower952

mean centerline concentrations (observed from the centroidal953

average). The PDFs become skewed towards the lower con-954

centrations, with lower maximums and a minimum of zero.955

The maximum concentrations (defined by the 98th percentile956

of the CDF) are reduced compared to the quiescent case by 10957

- 25% and 25 - 35% for the Re = 10600 and Re = 5800 jets, re-958

spectively. The wider PDFs, in general, suggest a lower scalar959

mixing compared to the quiescent ambient (as argued in Nedic960

and Tavoularis77). The probability of concentrations below961

the threshold increases with downstream distance and are due962

to discontinuities in the jet due to its lateral advection by large963

eddies in the ambient leaving isolated islands of the scalar.964

After jet break-up (x/d > 40 for Re = 5800 jet), there are an965

increased number of lower concentrations and a sharply in-966

creasing occurrence of below threshold concentrations (12%967

at x/d = 50 and 40% at x/d = 60 for the centroidal average of968

the Re = 5800 jet). The PDFs and CDFs obtained from the Eu-969

lerian averaging again obscure the detail of the jet structure,970

but do indicate a greater frequency of lower concentrations,971

while the greatly increased likelihood of below threshold or972

zero concentrations is due to the inclusion of the effect of jet973

meandering on the analysis.974

We hypothesize that greater local scalar concentration gra-975

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3



Turbulent jet in HIT ambient 13

(a)(b)(c)

(d)(e)

(f)(g)(h)

(i)(j)

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: ◦, quiescent ambient; � centroidal, and ▽ Eulerian averaging in HIT ambient. The solid, dashed

and dashed-dotted lines show the corresponding threshold values, φt/φ0, 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-976

bient, as compared to the quiescent case, due to entrainment977

of the small-scale turbulence of the ambient (see Fig. 16 for978

instantaneous concentration fields). This is plausible due to979

the increased rms concentrations in the jet and the increased980

range of the centerline concentration seen in the PDFs. The981

presence of increased local scalar gradients is corroborated by982

the greater differential diffusion observed for a jet in a tur-983

bulent ambient as compared to a quiescent ambient38 (jet Re984

= 10600 and same HIT). This hypothesis could be validated985

by directly calculating the local instantaneous concentration986

gradients within the jet boundary, however, lack of sufficient987

spatial resolution prevents us from capturing the Batchelor mi-988

croscale (ηB =ηSc−1/2), which in turn greatly underestimates989

the calculation of the scalar gradients.990

The time-averaged net entrainment into the jet in a HIT991

ambient is decreased compared to the quiescent case due to992

the lower characteristic jet velocity driving the entrainment10
993

and due to greater detrainment induced by the background994

turbulence.22 The increased detrainment is due to the frequent995

and extreme outward flux of detached jet fluid into the am-996

bient as a result of the advection of the jet by large-scale997

ambient eddies and due to increased turbulent diffusion at998

the jet/ambient interface, TTI. In the quiescent ambient, the999

detached scalar patches are re-entrained into the jet within1000

an eddy turnover time,78 while in the turbulent ambient, re-1001

entrainment is much weaker and the detached patches diffuse1002

into the ambient (as seen by visualization, Fig. 16). After the1003

jet breaks up, it is no longer self-similar and its intermittency1004

increases. The decreased width of the intermittency profile1005

post break-up confirms that jet-driven entrainment is no longer1006

occurring, and only turbulent and molecular diffusion is trans-1007

porting the scalar. This is consistent with Hunt’s hypothesis9
1008

that forcing of a jet disrupts the jet structure, and with previous1009

experimental observations.8,10–12
1010

D. Summary of the experimental observations1011

All the observations support a two-region model for the be-1012

havior of the jet in the HIT ambient, in which the regions are1013

defined based on the ratio of the turbulence intensity between1014

the ambient and the jet, ξ . In this study, for ξ 6 0.5, the jet is1015

perturbed by the HIT ambient, showing a faster decay of the1016

centroidal mean concentration and a faster growth of the cen-1017

troidal concentration half-width (both following power-laws)1018

compared to the quiescent case. Despite the external forcing,1019

the core of the jet is well preserved and the jet maintains its1020

self-similarity and self-preservation in this region (ξ 6 0.5).1021

For ξ > 0.5, however, the decay of the mean concentration1022

and the growth of the concentration half-width deviate from1023

their power-law behaviors. The centroidally-averaged con-1024

centration half-width stops growing, which (according to the1025

entrainment theory) indicates that the jet-driven entrainment1026

into the jet has stopped. The "no entrainment" status implies1027

that the mean centerline velocity uc and hence the global en-1028

trainment velocity, Ev = αuc, are zero. This means that no1029

"jet" exists beyond ξ > 0.5, and that the jet structure has been1030

destroyed by the ambient turbulence. The destroyed jet struc-1031

ture for ξ > 0.5 is reflected in the scalar profiles in Fig. 14c1032

no longer being self-similar, in the decayed jet core in the cen-1033

troidal intermittency profiles (Fig. 15i, j), and in the increasing1034

presence of the ambient fluid at the jet centroid in the cen-1035

troidal CDFs (Fig. 17i, j). All the above discussions support1036

the proposal of the two-region model for the jet in the HIT1037

ambient, a sketch of which is illustrated in Fig. 18.1038

In fact, the two-region model is a refinement of the dis-1039

cussions from previous observations for the jet in a HIT am-1040

bient, stating that the behavior of the jet (as well as the en-1041

trainment process and subsequent scalar mixing) is different1042

before and after the jet break-up.10–12 In the present study, the1043

centroidally-averaged data allowed for the separation of the1044

effect of the HIT ambient on the jet entrainment from the ef-1045

fect of the HIT causing the jet path to meander. Using this1046

method, the structure of the jet is more apparent, and it is1047

clearly visible that beyond ξ = 0.5 the jet has been destroyed1048

by the ambient turbulence eddies and no longer exists. In Eu-1049

lerian averages (of above studies), the evolution and structure1050

of the jet are partially obscured due to the inclusion of the jet1051

meandering.1052

VI. CONCLUSION1053

The effect of an approximately homogeneous and isotropic1054

turbulence with a negligible mean flow on the evolution of the1055

structure and the dynamics of an axisymmetric turbulent jet,1056

with Re = 10600 and Re = 5800 was investigated by analyz-1057
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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 fluorescence1058

was used to visualize the jet and the measured scalar statistics1059

were compared to those of the jet issuing into a quiescent am-1060

bient. The scalar statistics were conditioned on the jet centroid1061

to separate the effects of the larger and smaller scale ambient1062

eddies on the jet dynamics, which were also compared to clas-1063

sical Eulerian statistics.1064

Turbulence in the ambient reduces jet entrainment and re-1065

sults in a rapid jet break-up. it This is due to disruption of1066

the jet structure by external forcing as hypothesized by Hunt,91067

contrary to the long-held intuitive assumption that jet dilution1068

and turbulent diffusion can be superimposed.1069

A two-region model for the jet evolution and structure,1070

when released into the turbulent ambient, is proposed based1071

on averages conditioned on the jet centroid (Fig. 18). In the1072

first region, following the developing jet region, the ambient1073

turbulence disrupts the jet structure, due to modulation of the1074

jet interface, meandering of the jet by the large eddies and en-1075

trainment of the turbulent ambient fluid, resulting in a faster1076

decay of the jet and decreased entrainment. In the second re-1077

gion, identified as where the relative turbulence intensity ξ >1078

0.5, the ambient turbulence has destroyed the jet structure.1079

Although scalar remains, as there is no momentum to drive1080

the entrainment, the momentum-driven mechanism for scalar1081

transport is replaced by turbulent/molecular diffusion by the1082

ambient eddies. The relative lengths of the two regions de-1083

pend primarily on the relative turbulence intensity, ξ , between1084

the ambient and the jet, as assessed by the centroidal analysis,1085

which removes the effect of the relative length scale (L ) on1086

the jet behavior in the HIT ambient.1087

The first region (the perturbed jet region) is of particu-1088

lar interest as the jet structure is present, but its dynamics1089

are modified by the ambient turbulence. The mean proper-1090

ties of the scalar remain self-similar and self-preserved when1091

conditioned on the jet centroid (i.e. following the meander-1092

ing jet path), but have greater concentration decay (φc) and1093

half-width growth rate (bφ ,1/2). The ambient turbulence in-1094

creases the modulation of the jet/ambient interface. The en-1095

trainment of the ambient turbulence increases the rms con-1096

centrations and is hypothesized to increase local concentra-1097

tion gradients within the jet. The same power-law behavior in1098

the perturbed jet region for the decay of the mean centroidal1099

concentration, concentration rms, and width growth for both1100

jet Reynolds numbers, indicates the universality of the evolu-1101

tion of the scalar statistics in HIT ambient, provided the jet1102

structure is preserved. To further investigate the effect of the1103

ambient turbulence on the scalar mixing in jets, a larger range1104

of Reynolds numbers and ambient turbulence conditions (ξ1105

and L ), as well as simultaneous velocity and scalar measure-1106

ments are recommended.1107
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Appendix A: Effect of the threshold value on the position of1114

the centroid1115

The mean location of the centroids exhibited by red circle1116

markers in Fig. 3 are the ensemble average of the instanta-1117

neous centroids, calculated from the bulk of the flow without1118

applying a threshold to the scalar fields. Regions character-1119

ized by intense values of passive scalar often control the po-1120

sition of the centroid, as evident from its definition in Eq. A1.1121

However, large-scale meandering of the jet in the presence1122

of HIT ambient often results in non-trivial values of passive1123

scalar being pushed out of the FOV. Thus, in order to check1124

the validity of the centroidal analysis presented throughout the1125

manuscript, we investigate the relationship between the aver-1126

age location of the centroid and a wide range of scalar thresh-1127

olds. The radial position, RC, and orientation, θC, of the cen-1128

troids calculated for regions where the local concentration is1129

larger than the threshold value are expressed in Eq. A1 and1130

Eq. A2, respectively,1131

RC =

∫
(r dφ) |φ>φt
∫

dφ |φ>φt

, (A1)

θC =− tan−1

(
zC

yC

)

, (A2)

where yC and zC denote the coordinates of the instantaneous1132

centroids calculated from thresholded scalar fields, i.e., R2
C =1133

y2
C + z2

C.1134

Figure 19 shows the ensemble averaged radial location, RC,1135

and orientation, θC, of the centroids for the worst case sce-1136

nario, that is, Re = 5800 jet at x/d = 60 against a range of1137

thresholds. As can be seen, the orientation is quite insensi-1138

tive to the threshold value. More importantly, one can observe1139

only slight changes in the radial location of the centroid with1140

increasing values of the scalar threshold. Specifically, by ap-1141

plying φt/φc = 0.15, which is the threshold for detecting the1142

jet region (Sec. V C), the radial position changes by 5% rela-1143

tive to the unthresholded value. Furthermore, thresholding the1144

scalar fields results in centroids being closer to the jet axis, im-1145

plying the existence of intense concentration values near the1146

geometrical centerline even in the presence of extreme mean-1147

dering. Overall, we deduce that the position of the centroids1148

are well-defined.1149
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FIG. 19. Variation of RC and θC versus φt/φc normalized by their

respective un-thresholded values. Data for Re = 5800 at x/d = 60.

Symbols: •, RC; H, θC.

FIG. 20. Variation of intermittency profiles versus φt . Data for Re

= 5800 at x/d = 60. Symbols: �, φt/φc = 0.13; △, φt/φc = 0.15;

◦, φt/φc = 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 intermittency1150

profiles1151

The location of the outer boundary demarcating the high-1152

Sc flows and the ambient shows small sensitivity to the cho-1153

sen threshold due to the weak diffusive nature of the passive1154

scalar (e.g. see Westerweel et al.69). However, this may not1155

be the case in turbulent backgrounds due to the presence of1156

appreciable amounts of passive scalar (close to the threshold1157

concentration value) in the ambient. Here, we investigate the1158

effect of varying the scalar threshold on the intermittency pro-1159

files presented in Fig. 15. To this end, we employ thresholds1160

in the range of φt/φc = 0.15 ± 13% and recalculate the in-1161

termittency profiles in the quiescent and the turbulent back-1162

ground cases. Figure 20 shows the intermittency profiles for1163

the worst case scenario, i.e., x/d = 60 at Re = 5800 jet. In-1164

deed, there are only slight changes in the detected jet regions1165

for different values of the scalar threshold, as made evident by1166

the approximate collapse of the intermittency profiles. There-1167

fore, we conclude the robustness of the present criterion for1168

detecting the jet interface even when the jet is subjected to1169

HIT ambient, independent of the averaging method, that is,1170

Eulerian or centroidal.1171
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Zero-mean flow HIT ambient

Region 0

1. Developing
core.

Region 1

1. Perturbed jet,
2. Decreased entrainment,
3. Increased width growth,

4. Self-preserved scalar field,
5. Faster decay of centroidal scalar.

Region 2

1. Destroyed jet,
2. No jet-driven,

entrainment,
3. Scalar transport

by diffusion.

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3



T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3



0.05 0.1 0.15 0.2 0.25

0.8

0.9

1

1.1

1.2

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3



-0.6 -0.4 -0.2 0 0.2 0.4 0.6

0

0.25

0.5

0.75

1

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
7
1
0
2
3


	Manuscript File
	Fig.1a
	Fig.1b
	Fig.1c
	Fig.2
	Fig.3a
	Fig.3b
	Fig.3c
	Fig.3d
	Fig.3e
	Fig.3f
	Fig.3g
	Fig.3h
	Fig.3i
	Fig.3j
	Fig.4
	Fig.5
	Fig.6a
	Fig.6b
	Fig.7a
	Fig.7b
	Fig. 8a
	Fig.8b
	Fig.9a
	Fig.9b
	Fig.9c
	Fig.9d
	Fig.9e
	Fig.9f
	Fig.9g
	Fig.9h
	Fig.9i
	Fig.9j
	Fig.10a
	Fig.10b
	Fig.11
	Fig.12a
	Fig.12b
	Fig.13a
	Fig.13b
	Fig.13c
	Fig.13d
	Fig.13e
	Fig.13f
	Fig.13g
	Fig.13h
	Fig.13i
	Fig.13j
	Fig.14a
	Fig.14b
	Fig.14c
	Fig.14d
	Fig.15a
	Fig.15b
	Fig.15c
	Fig.15d
	Fig.15e
	Fig.15f
	Fig.15g
	Fig.15h
	Fig.15i
	Fig.15j
	Fig.16
	Fig.17a
	Fig.17b
	Fig.17c
	Fig.17d
	Fig.17e
	Fig.17f
	Fig.17g
	Fig.17h
	Fig.17i
	Fig.17j
	Fig.18
	Fig.19
	Fig.20

